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ABSTRACT 
 
Cognition shapes the interactions of an animal with its environment. Species vary 
greatly in all aspects of cognition, and studying the relationship between this 
variation and ecology is crucial for understanding how intelligence has evolved. 
In this thesis, I approach questions about the ecology and evolution of cognition 
that are often ignored because cognition is difficult to quantify. I use innovation 
rate as an operational measure and residual brain size as a correlate of general 
cognition in birds. I first examine the link between cognition and ecology 
through comparative analyses of the relationships between residual brain size, 
innovativeness, and measures of ecological generalism across a broad sample of 
the avian phylogeny, and within a single clade (Icteridae). I find that innovation 
is positively correlated with habitat breadth but not diet generalism, and that 
neither measure of generalism is associated with residual brain size. Although 
residual brain size and innovation rate are strongly correlated with one another, 
they each appear to have different relationships to a species’ ecology. Further 
analysis finds that the relationship between innovativeness and residual brain size 
is driven by innovations that involve the use of novel foraging techniques and not 
the ingestion of new food items. Comparative studies use the traits of extant 
species to infer their evolutionary history, but can only speculate on the forces 
driving changes in a trait. The latter half of my thesis focuses on these underlying 
forces and behavioural mechanisms. Using a game theory model, I show that 
unpredictable food availability might drive both behavioural flexibility and 
sociality, two traits strongly associated with cognitive complexity. Finally, I 
focus on innovativeness at the intraspecific level and examine foraging 
innovation in a large-brained grackle species, Quiscalus lugubris. I find that this 
gregarious species is slower to innovate when conspecifics are nearby, and that 
individuals differ in their ability to solve novel problems. I use these differences 
to describe the process of innovation, and show that novelty responses, attention, 
persistence, and flexibility are all important factors underlying individual 
variation in the ability to innovate.  
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RÉSUMÉ 
 
La cognition dirige les interactions d’un animal avec son environnement. Les 
espèces varient énormément dans tous les aspects de la cognition, et étudier les 
relations entre ces variations, l’écologie et l’évolution est crucial pour 
comprendre comment l’intelligence a évolué. Dans cette thèse, j’aborde les 
questions de l’écologie et l'évolution de la cognition souvent ignorées, la 
cognition étant difficile à évaluer quantitativement. J’ai utilisé le taux 
d’innovation comme une mesure opérationnelle, et la taille résiduelle du cerveau 
comme un corrélat de la capacité cognitive générale des oiseaux. J’ai d’abord 
examiné le lien entre la cognition et l’écologie en procédant à des analyses 
comparatives des relations entre la taille résiduelle du cerveau, la capacité 
innovatrice, et des mesures du généralisme écologique à travers un large 
échantillon de la phylogénie aviaire, et dans un clade unique (Icteridae). J’ai 
trouvé que la capacité innovatrice est corrélée positivement avec l’étendue de 
l’habitat, mais non avec le régime généraliste, et qu’aucune mesure du 
généralisme n’est associée avec la taille résiduelle du cerveau. Bien que la taille 
résiduelle du cerveau et le taux d’innovation soient fortement corrélés entre eux, 
chacun d’eux semble avoir des relations différentes avec l’écologie de l’espèce. 
Une analyse plus poussée a montré que la relation entre la capacité innovatrice et 
la taille résiduelle du cerveau est déterminée par les innovations impliquant 
l’utilisation de nouvelles techniques d’approvisionnement, et non l’ingestion de 
nouveaux types d’aliments. Les études comparatives utilisent les traits d'espèces 
existantes pour en déduire leur évolution, mais peuvent seulement spéculer sur 
les forces conduisant les changements d'un trait. La seconde moitié de ma thèse 
se concentre sur ces forces sous-jacentes et les mécanismes comportementaux. 
En utilisant un modèle de théorie des jeux, j’ai montré que l’imprévisibilité de la 
disponibilité alimentaire peut mener tant à la flexibilité comportementale qu’à la 
socialité, deux traits fortement associés à la complexité cognitive. Enfin, je me 
suis concentrée sur la capacité innovatrice au niveau interindividuel et j’ai étudié 
l’innovation lors de l’approvisionnement chez le Quiscale merle, Quiscalus 
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lugubris, une espèce possédant un gros cerveau. J’ai trouvé que cette espèce 
grégaire est moins rapide à innover lorsque des congénères sont à proximité, et 
que les individus diffèrent dans leur capacité à résoudre de nouveaux problèmes. 
J’ai utilisé ces différences pour décrire le processus de l’innovation, et montré 
que la réponse à la nouveauté, l’attention, la persistance et la flexibilité sont 
d’importants facteurs sous-jacents de la variation interindividuelle de la capacité 
à innover.  
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GENERAL INTRODUCTION 
 
Cognition is the interface between the internal world of an animal’s perceptions 
and its external environment, and can be defined as “all ways in which animals 
take in information about the world through the senses, process, retain and decide 
to act” (Shettleworth, 2001). Animals vary widely in all aspects of cognition, 
with some species appearing to have a greater general cognitive capacity—or 
intelligence—than others.  
The concept of intelligence is commonly reserved for describing our own 
species. Yet those who study animal cognition continue to build the case for a 
continuum of intelligence across the entire phylogeny (Roth and Dicke, 2005), 
from the flexible foraging behaviour of insects (Farris and Roberts, 2005; Farris, 
2008), to episodic memory in birds (Clayton et al., 2001; Emery and Clayton, 
2005) and tactical deception in primates (Byrne and Corp, 2004). Within each of 
these clades, some species stand out. In birds, for instance, members of the 
family Corvidae are known to innovate (Lefebvre et al., 1997b), to deceive one 
another (Emery et al., 2004), to plan for their future needs (Correia et al., 2007), 
and even to make and use tools (Hunt and Gray, 2004). These abilities also exist 
in some, but not all, primate species, suggesting that convergent evolution for 
enhanced cognition has occurred in very distant parts of the tree of life (Emery 
and Clayton, 2004). Given that these cognitive abilities appear to have evolved 
multiple times independently, the important evolutionary task is to understand 
why.   
Hypotheses for the evolution of cognition can be broadly grouped into 
two categories based on whether they emphasize the role of ecological (Bennett 
and Harvey, 1985; Milton, 1988) or social (Byrne and Whiten, 1988; Dunbar, 
1998) forces in selection for cognitive ability.   
The Ecological Intelligence Hypothesis (EIH) argues that enhanced 
cognition allows animals to deal with challenges in the physical environment, 
such as unpredictable or ephemeral food supplies, difficult-to-reach prey, or 
rapidly changing environmental conditions (Eisenberg and Wilson, 1978; Milton, 
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1988; Sol, 2009).  These physical challenges are thought to select for abilities 
such as understanding the relationships between objects in space (Heinrich and 
Bugnyar, 2005), using tools (Cnotka et al., 2008; Lefebvre et al., 2002), 
memorizing spatial and temporal information about a variety of resources 
(Johnston 1982), and flexibly adjusting behaviour to suit changing conditions 
(Lefebvre et al., 1997b; Sol et al., 2005a). Behavioural flexibility is a central part 
of the EIH, and the hypothesis predicts a positive relationship between cognitive 
capacity and behavioural flexibility. Behavioural flexibility, in turn, should allow 
animals to use a wide variety of resources (i.e. to be ecological generalists) and 
to withstand environmental variability (Reader and MacDonald, 2003; Schuck-
Paim et al., 2008; Sol, 2009; Sol et al., 2005a).  
The Social Intelligence Hypothesis emphasizes the cognitive demands of 
living and/or feeding in groups (Byrne and Whiten, 1988; Dunbar, 1998), such as 
the ability to remember many individuals (Emery et al., 2007), track social 
hierarchies (Bond et al., 2003), or assess potential threats from conspecifics 
(Clayton et al., 2007; Morand-Ferron et al., 2007b). This hypothesis predicts a 
positive relationship between cognitive capacity and measures of social 
complexity, such as group size (Beauchamp and Fernandez-Juricic, 2004; 
Dunbar, 1995), tactical deception of others (Byrne and Corp 2004), or 
cooperative breeding (Emery et al., 2007).  
Although ecological and social hypotheses for the evolution of cognition 
are often framed as alternatives, the factors shaping cognition across species do 
not act in isolation, and invariably interact with one another (Seyfarth and 
Cheney, 2002; Shultz and Dunbar, 2006). In this thesis, I examine variation in 
cognition in birds and how this variation has evolved. I focus on the roles 
behavioural flexibility and ecological generalism play in cognition, while also 
incorporating social traits in several analyses.  
 
Fitting cognition into an ecological and evolutionary framework 
There are two key requirements for analyzing the evolutionary history and 
current ecology of a trait: (1) the trait must vary between individuals, 
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populations, and/or species, and (2) this variation must be quantifiable to 
compare the trait values of individuals or taxa. Underpinning these requirements 
is the need to define and operationalize the trait of interest. Given the variability 
and complexity of behaviours associated with complex cognition, defining and 
operationalizing this trait is no small challenge.  
 
Residual brain size: a neural correlate of cognition 
As the organ of cognition, the brain controls the way an animal processes, stores, 
and reacts to information from the environment. We would therefore expect that 
a larger brain (relative to the body size of the animal) should confer greater 
cognitive ability (Jerison, 1973). Indeed, variation in brain size and variation in 
brain structure have been used as neural correlates of cognitive capacity in a 
wide range of species (birds: Bennett and Harvey, 1985; primates: Byrne and 
Corp, 2004; bats: Eisenberg and Wilson, 1978; a larger sampling of mammals: 
Changizi, 2003). Brain size is also closely linked to other neural correlates of 
cognition, such as number of neurons, although the specific scaling relationships 
differ between taxa (e.g. primates vs. rodents: Herculano-Houzel et al., 2007; 
Herculano-Houzel et al., 2006).   
The brain is a useful starting point for studies of cognition, but the 
question arises as to whether the focus should be on specific parts of the brain or 
whole brain size. Although the value of one approach over the other has been 
argued on theoretical grounds (e.g. Healy and Rowe, 2007), in this thesis I argue 
that the decision should be an empirical one based on the research question of 
interest (Chapters 1, 2, 3; Lefebvre, In Press). In birds, for example, lesion 
studies highlight the role of the hippocampus in spatial memory (Hampton and 
Shettleworth, 1996), and the role of HVC in song learning (Nottebohm et al., 
1976). Further studies of the evolution of these specialized abilities should focus 
on these brain areas. On the other hand, domain-general processes such as 
behavioural flexibility, tool use (Lewis, 2006; Obayashi et al., 2001) and reversal 
learning (Cools et al., 2002; Watanabe, 2001) likely involve a distributed 
network of many different brain areas (Chiappe and MacDonald, 2005). In these 
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cases, whole brain size seems to best capture the trait of interest.  
 
Innovation: a behavioural measure of cognition 
Selection does not act directly on brain size, but on the phenotypic 
manifestations of brain size differences. This raises the question of what abilities 
are conferred by increases in brain size. The Ecological Intelligence Hypothesis 
posits that relatively large brains allow for increased technical cognition, 
working memory, and behavioural flexibility. This last concept of behavioural 
flexibility is again one that is not easily quantified. Instead, it is useful to focus 
on specific aspects of flexibility that may be defined and measured. One such 
trait is the capacity for behavioural innovation. In their 2003 book, Animal 
Innovation, Reader and Laland define innovation as: 
 
(1) “A new or modified learned behaviour not previously found in the 
population” (Innovation sensu product), or  
 
(2) “A process that results in new or modified learned behaviour and that 
introduces novel behavioural variants into a population’s repertoire” 
(Innovation sensu process). 
 
These definitions are based on several key research papers, including Kummer 
and Goodall’s 1985 paper “Conditions of innovative behaviour in primates”.  In 
that paper, the authors outlined the importance of innovation in the context of the 
evolution of intelligence and offered the following definition:  
 
“An innovation can be: a solution to a novel problem, or a novel solution 
to an old one; a communication signal not observed in other individuals 
in the group (at least at that time) or an existing signal used for a new 
purpose; a new ecological discovery such as a food item not previously 
part of the diet of the group”.  
 
Another important early contribution to the study of innovation was the work of 
Wyles et al. (1983), which suggested that behavioural innovation could 
accelerate rates of speciation, and defined behavioural innovation as:  
 
“[The] origin of a new skill in a particular individual, leading it to exploit 
the environment in a new way”.  
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These definitions can be illustrated using an example of innovation in a wild bird 
(see Appendix 2 of this thesis; Overington et al., 2008a). The Gray kingbird 
(Tyrranus dominicensis) is an insectivore that catches its prey on the wing. 
Kingbirds are members of the tyrant flycatcher clade, so named because of their 
aggression toward other birds. During the course of my field research in 
Barbados (Chapters 5 and 6), I used walk-in bird traps to capture Carib grackles 
(Quiscalus lugubris). Kingbirds do not forage on the ground, a limitation that 
denied them direct access to the food inside these walk-in traps. However, an 
innovative foraging behaviour provided a solution to this problem: on the 
grounds of the Bellairs Research Institute, kingbirds stole from other species as 
they exited the traps. This was done in the typical kingbird manner, by swooping 
down without touching the ground. We considered this behaviour to be a case of 
foraging innovation because (1) a thorough search of the literature did not show 
any records of food theft in this species (Morand-Ferron et al., 2007b), and (2) 
the behaviour had never been observed in 25 years of field observations by our 
research group in Barbados.  
Most recently, Ramsey et al. (2007) generated much discussion by 
proposing the following modifications to Reader and Laland’s definition:  
 
“Innovation is the process that generates in an individual a novel learned 
behavior that is not simply a consequence of social learning or 
environmental induction” (emphasis added). 
 
The commentaries following Ramsey et al.’s forum article expressed concern 
about the suggestion that behaviour induced by environmental change should be 
excluded (Kendal et al., 2007; Reader, 2007). Innovation is widely thought to be 
a mechanism through which animals can adjust to and withstand changes in the 
environment (Sol et al., 2005a). We might therefore expect that innovation 
should be triggered by environmental change. However, the study of animal 
innovation has begun in earnest only recently (Reader and Laland, 2003), and 
little is known about the circumstances under which novel behaviour patterns 
emerge within populations. A major goal of this thesis is to determine when and 
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how innovation occurs (Chapters 5 and 6), and how interspecific variation in 
innovation is related to differences in ecology (Chapter 1) and residual brain size 
(Chapter 3). I therefore use the broadest possible definitions of innovation 
throughout this thesis so as not to exclude any potentially important factors, such 
as environmental conditions, at the outset of the study.  
 
Quantifying innovation 
Once we have a working definition of innovation, the next step is to find a way 
to measure innovativeness across species. One approach has been to use 
taxonomic counts of novel behaviour in wild animals (Lefebvre et al., 2004; 
Lefebvre et al., 1997b; Reader and Laland, 2002; Lefebvre, In Press). The data 
on innovation are particularly rich for birds because of the tradition of publishing 
descriptions of unusual or novel behaviours in ornithological journals. Lefebvre 
and colleagues (1997b) were the first to systematically compile these 
observations into a database for use in comparative studies. In their seminal 
paper, they defined a foraging innovation as “the ingestion of a new food or the 
use of a novel foraging technique”. The database of foraging innovations in birds 
currently contains over 2000 records for more than 800 species around the world 
and is a valuable tool for testing hypotheses about the role of innovation in the 
evolution of cognition (Chapters 1 and 3). The first comparative studies using 
this database established the positive relationship between innovation rate and 
residual brain size across avian taxa (Lefebvre et al., 1997b; Lefebvre et al., 
1998), thus supporting the idea that innovativeness provides a behavioural 
measure of cognitive capacity. More recent comparative work has also provided 
evidence that innovation can help species deal with changes in the environment: 
Daniel Sol and coworkers have shown both that innovativeness is positively 
correlated with the success rates of birds introduced into new habitats (Sol et al., 
2005a), and that innovators are more likely to be residents than migrants in the 
Palearctic region, suggesting that they can deal with the challenges of seasonal 
changes rather than having to track resources southward (Sol et al., 2005b).  
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Studying innovation  
Comparative data on avian innovation have demonstrated that species vary 
widely in their propensity to innovate, and that this variation is related to 
differences in cognition and ecology. Yet little is known about how or when 
animals innovate in the first place.  
 Long-term focal studies of populations have provided some detailed 
accounts of innovation in wild animals (Kawai, 1965; Kummer and Goodall, 
1985). One classic example is the case of Imo, the Japanese macaque (Macaca 
fuscata). Imo belonged to a troop on Koshima Islet that has been studied 
intensively since 1948. Researchers began provisioning the monkey troop with 
food in 1952, and in 1953, Imo was first observed washing a sweet potato in 
water before eating it. Continuous observation of the population allowed 
researchers to document the spread of this innovation and several others, such as 
wheat washing, which Imo initiated in the troop in 1956 (Kawai, 1965).  
 Even within a long-term study population, the likelihood of witnessing 
the first occurrence of a novel behaviour is very low (van Schaik et al., 2006). 
Most studies of innovation in the wild focus on understanding the new behaviour 
and its spread once it has already become part of the behavioural repertoire of an 
individual or population. Short-term focal studies offer a useful approach here. 
One such example is rubbish bin opening by Kea (Nestor notabilis) in New 
Zealand. Focal observations of the behaviour in situ demonstrated that only a few 
individuals opened the bins. This allowed the researchers to test the hypothesis 
that scrounging of food from innovators would prevent individuals from adopting 
a novel foraging technique themselves (Giraldeau and Lefebvre, 1984). After 
more than a year of observations of the local Kea population, researchers found 
that the opposite was true: scrounging from bin-openers facilitated learning of 
the technique (Gajdon et al., 2006).  
The observational approach was combined with experimental 
manipulations in studies of dunking behaviour in the Carib grackle (Quiscalus 
lugubris) in Barbados. In the late 1990s, grackles were first observed dunking 
hard food in water, but the behaviour appeared to be rare. In a series of field and 
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captive experiments, Morand-Ferron and colleagues (2004, 2006, 2007a,b) 
demonstrated that most individuals are able to dunk, but that the frequency of the 
behaviour is determined by social and environmental costs and benefits, thus 
raising questions about whether rarity of a behaviour pattern should be a criterion 
for labeling it an innovation.  
Given the challenges of studying innovation in the wild, captive studies 
represent an important tool for understanding the process of innovation. Laland 
and Reader (1999) conducted a series of studies with guppies (Poecilia 
reticulata) to test whether specific groups of individuals within a population (e.g. 
large, small, male, female, food-deprived, not food-deprived) were more likely to 
innovate than others. In these experiments, innovation was considered to have 
occurred when the fish successfully navigated through an unfamiliar maze to 
reach a food reward. The researchers found that female fish were more likely to 
innovate than males, small fish were more likely to innovate than large ones, and 
food-deprived fish were more likely to innovate than those that were not food-
deprived. They suggested that in guppies, individual differences in 
innovativeness could largely be explained by differences in motivation between 
individuals as well as by inter-individual variation in behavioural propensities 
such as “boldness”.  
Another approach has been to induce innovation by presenting animals 
with novel foraging tasks. Webster and Lefebvre (2001) used this approach to 
measure the rates of successful innovation for five species of birds in Barbados 
based on the birds’ probability and speed of opening a Plexiglas box containing 
food. The results were consistent with intertaxon differences in innovativeness 
found in comparative studies: just as there are far more innovation reports for 
Passeriformes than Columbiformes in the literature (even when controlling for 
the fact that Passeriformes is a much larger order), Passeriform birds were more 
likely to solve the innovation task than the Columbiformes in the study.  
Further experimental work on innovation in birds using this approach has 
shown great individual variation in innovativeness (e.g. Biondi et al., 2008). 
Studies using a range of bird species have found that innovation is positively 
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correlated with individual learning (Boogert et al., 2008), social learning 
(Bouchard et al., 2007), and levels of the stress hormone cortisol (Pfeffer et al., 
2002). At the same time, innovation is negatively correlated with neophobia (fear 
of novelty; Boogert et al., 2008; Bouchard et al., 2007). These correlative studies 
imply that responses to novelty and learning contribute to behavioural 
innovation, yet few studies have examined the conditions that favour the 
appearance of a novel behaviour or the processes leading to successful 
innovation in animals (Clayton, 2004). 
 
Behavioural innovation and the evolution of cognition in birds 
In this thesis, I focus on the determinants of innovation at the individual, species, 
and family level. I begin by examining the relationship between innovation and 
residual brain size in birds, and test whether each of these is associated with 
ecological generalism. I then develop a theoretical model linking ecological and 
social hypotheses for the evolution of cognition. Finally, I examine the role of 
social context and individual variation in innovation within a single bird species, 
the Carib grackle. 
 
Birds as a study clade 
Historically, studies of “complex” cognition focused on primates and cetaceans, 
while birds were used for studies on “simpler” processes such as associative 
learning (Emery, 2006; Emery and Clayton, 2005). This is in part a product of 
the particular species being studied and their relative place on the cognitive 
spectrum. Whereas studies of cognition in primates focus on large-brained 
species such as macaques (e.g. Kawai, 1965; Hihara et al., 2003) or chimpanzees, 
the nonhuman primate species with the largest relative brain size (e.g. 
Matsuzawa, 1985; Premack and Premack, 1994; Whiten et al., 2005), studies on 
avian learning and cognition have targeted pigeons and chickens, which are 
among the smallest-brained birds (e.g. Zentall and Hogan, 1976, Gibbs et al., 
2008).  
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Avian and mammalian brains look very different from one another, and 
early neuroanatomists interpreted these differences to mean that birds lacked the 
capacity for complex cognition (Jarvis et al., 2005; Reiner et al., 2005). On the 
surface, the mammalian forebrain is a folded, complicated-looking structure 
when compared to the smooth, uniform appearance of the bird brain. The 
differences between brains in these groups extend beyond the surface: neurons in 
the avian pallium are distributed in nuclei, whereas those of the equivalent zone 
in mammals, the cortex, are laminar, organized into six layers. For these reasons, 
early neuroanatomists assumed that the avian brain represented a more primitive 
version of the mammalian brain, and labeled it as such. For example, the avian 
telencephalon was thought to be comprised almost exclusively of basal ganglia –
the part of the brain controlling “instinctual” behaviour, whereas the mammalian 
telencephalon was believed to dominated by the neocortex, the region associated 
with more complex cognition and reasoning. In 2004, the Avian Brain 
Nomenclature Consortium revised all of the names of the avian brain in an 
attempt to overcome these misconceptions (Reiner et al., 2004). Behavioural data 
has also complemented this neurobiological shift, and it is now clear that avian 
brains are capable of many of the complex neural processes observed in 
mammals, including innovation (Lefebvre et al., 1997b), tool use and 
manufacture (Hunt, 2000), self-recognition (Prior et al., 2008), deception (Dally 
et al., 2006) and complex social affiliations (Seed et al., 2007). Indeed, the last 
thirty years have seen an explosion of research on cognition in birds that extends 
to many branches of the avian phylogenetic tree.  
From an empirical perspective, birds are well suited to comparative tests 
of the evolution of cognition. The comparative method relies heavily on 
repeated, independent evolution of a given trait, and large brain size appears to 
have evolved as many as six times independently in birds. In contrast, Isler and 
Van Schaik (2009) point out that in mammals, large brain size seems to have 
evolved twice or possibly three times.  
I use the comparative method in the first three chapters of this thesis. This 
method requires robust phylogenies and trait values for each taxon in the study, 
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and a rich source of data exists for both of these in birds. In 1990, Sibley and 
Ahlquist produced a comprehensive avian phylogeny based on DNA 
hybridization. Newer techniques have been used to describe many clades in even 
more detail (e.g. passerines: Barker et al., 2002). Phylogenies of different clades 
can then be pieced together using supertrees (Davis, 2008), and a phylogenomic 
study of birds recently provided new insight into some of the deepest 
relationships in the avian tree (Hackett et al., 2008).  
Behavioural and ecological data are also rich for birds. Within the Web of 
Science database, there are nineteen scientific journals dedicated to ornithology. 
For comparison, if insects were to have the same level of research effort, using 
the conservative estimate of one million species of insects, there should be 1900 
entomological journals. There are 74. I use several measures in this thesis that 
rely on the systematic collection of behavioural data across a wide range of birds: 
innovation rate (Chapters 1 and 3), as well as habitat and diet breadth (Chapter 
1).  
 
The Carib grackle as a focal species 
This thesis contains six chapters: three comparative studies at the level of the 
species and the family (Chapters 1, 2 and 3), two behavioural studies focusing on 
individuals within a population (Chapters 5 and 6), and one theoretical model 
(Chapter 4). The final two chapters of the thesis feature experiments on wild 
caught Carib grackles in Barbados. Carib grackles also fit into other parts of the 
thesis. They are gregarious and are ecological generalists, the two traits studied 
in the model. Although we do not have direct innovation data for the Carib 
grackle, the species belongs to a highly innovative genus: Quiscalus has the 
second highest innovation frequency among North American passerines after 
Corvus (Chapters 1 and 3).    
The Carib grackle (Quiscalus lugubris) is a medium-sized blackbird 
found throughout the islands of the Lesser Antilles (Jaramillo and Burke, 1999). 
It is among the largest-brained birds within the grackles and allies clade (Chapter 
2). Carib grackles are opportunistic and eat a wide variety of foods, many of 
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anthropogenic origin. Perhaps because of these feeding patterns that bring them 
into close proximity with humans, grackles are relatively easy to catch and keep 
in captivity. This species has been the focus of studies by our research group on 
learning (Lefebvre et al., 1997a; Griffin and Galef, 2005), problem solving 
(Webster and Lefebvre, 2001) and innovation (Reader et al., 2003; Morand-
Ferron et al., 2004, 2006, 2007a,b). The Carib grackle feeds in open flocks of 
various sizes and nests in loose colonies (Jaramillo and Burke, 1999; Appendix 
3). Because of its social nature, its capacity to learn quickly and to attempt and 
solve problems both in captivity and in the field, the Carib grackle is an ideal 
species for tests of outstanding questions about the nature of innovation, such as 
how social context influences innovation (Chapter 5), and why individuals differ 
in their innovativeness (Chapter 6).  
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Thesis structure 
 
This thesis is comprised of six chapters, each examining behavioural innovation 
and/or the ecology and evolution of cognition in birds.  
Chapter 1 examines the relationship between innovation and ecology.  
Ecological generalism and flexibility (of which innovation is an important 
component) are considered to be part of the same suite of behavioural traits, yet 
the empirical evidence for this relationship is mostly indirect (Sol et al., 2003). 
Clarifying the relationship between innovativeness and ecological generalism is 
important for fitting both of these traits into an ecological and evolutionary 
framework. In this chapter, I test whether highly innovative species are 
ecological generalists using data from 193 North American bird species. To 
measure ecological generalism, I quantify the number of habitats used during the 
breeding season and the number of food types eaten for all species. I then carry 
out a phylogenetically-informed comparative study to test the relationship 
between these measures and innovativeness.  
I again explore the relationship between ecology and cognition in Chapter 
2. In this chapter, I limit my study to a single clade of birds: the grackles and 
allies (a monophyletic clade within the family Icteridae). This allows me to use 
more detailed ecological data from a recently published niche modeling analysis 
of Icteridae (Eaton et al., 2008). I test whether residual brain size is associated 
with niche breadth. I also test a series of alternative hypotheses to better 
understand the forces shaping brain size differences for these birds, focusing on 
the potential role of migration, social structure, and breeding system.  
In Chapter 3, I focus on a deeper divergence in avian evolutionary history 
to examine the relationship between the operational measure of cognition 
(innovativeness) and the neural correlate of cognition (residual brain size) used 
in this thesis. I carry out a comparative study of foraging innovation and residual 
brain size in over 800 species of birds belonging to 76 families, and test whether 
specific types of innovation (i.e. the invention of novel foraging techniques vs. 
the incorporation of novel food items into the diet) are most closely associated 
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with enlarged brain size in birds. This allows me to tease apart two sub-
hypotheses of the Ecological Intelligence Hypothesis: the Technical and 
Opportunistic-Generalist Hypotheses.  
These first three chapters address the ecological and behavioural 
correlates of brain size but ignore an important part of the evolutionary history of 
a trait: the selective pressures that lead to increases in flexibility. In Chapter 4, I 
develop a theoretical model, the results of which suggest that unpredictable food 
sources may drive variation in breadth and/or flexibility of resource use, and that 
increased unpredictability may lead to parallel increases in both resource 
generalism and social behaviour.  
Integral to studying the evolution of a trait is to understand variation in 
the trait itself. Chapters 5 and 6 are behavioural studies of innovation in a large-
brained grackle species, the Carib grackle (Quiscalus lugubris). In Chapter 5, I 
test how social context influences the emergence of innovative problem solving 
in this gregarious species. In Chapter 6, I use a psychology-based approach to 
analyze and explain individual differences in innovative behaviour.  
The three appendices provide supplementary material to the main points 
of the thesis. Appendix 1 is a table of the number and diversity of technical and 
food type innovations for all species studied in Chapter 3. Appendix 2 is an 
example of an innovation report and was published as a short note in The Wilson 
Journal of Ornithology. Appendix 3 is a technical note on the species studied in 
Chapters 5 and 6, the Carib grackle. 
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Contributions to Knowledge 
 
Chapter 1 provides the first direct empirical test in birds of a common 
assumption in the animal cognition literature, i.e., that ecological generalism and 
flexibility are strongly and positively correlated with one another. I find some 
support for this hypothesis: innovation and habitat generalism are positively 
correlated within a sample of 193 North American birds. Contrary to predictions, 
innovativeness is not associated with diet breadth, and there is no relationship 
between diet breadth and habitat generalism. Neither diet nor habitat generalism 
are correlated with residual brain size. These findings contribute to the study of 
innovation and the evolution of cognition in several ways. First, it demonstrates 
that our measure of innovation is more than just a quantification of diet. Second, 
it suggests that flexibility and generalism are distinct traits, and should be 
considered as such when we examine the ecological and evolutionary 
consequences of behavioural innovation. Third, it highlights the fact that 
“generalism” is not a unitary trait and that species may be, for example, feeding 
specialists and habitat generalists at the same time.  Finally, it refutes the 
hypothesis that ecological generalism is associated with enlarged brain size in 
birds.  
Chapter 2 is the first description of brain size in the grackles and allies, a clade 
that has been the focus of much ecological and evolutionary research (Johnson 
and Lanyon, 1999; Klicka et al., 2000; Lanyon and Omland, 1999; Omland et al., 
1999; Price et al., 2009). This study is one of only a few that tests general 
hypotheses for the evolution of cognition within a recent diversification of birds 
where phylogenetic relationships are well defined. I test the relationship between 
brain size and niche breadth and find none, thus providing further evidence that 
brain size is not directly linked to ecological generalism in birds. Instead, other 
factors such as migration and brood parasitism are associated with decreased 
brain size across the clade. When combined with work in other taxa where 
similar patterns have been found (e.g. Boerner and Kruger, 2008; Fuchs et al., 
2010, Iwaniuk et al., 2009; Sol et al., 2005b), these results contribute to our 
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growing understanding of the factors that shape brain size across the avian 
phylogeny.  
In Chapter 3, I use a database of over 2000 innovation reports for over 
800 species to investigate the relative contribution of different types of 
innovative behaviour to the positive relationship between innovation and residual 
brain size in birds. This is the first comparative study that distinguishes between 
different types of foraging innovations in a systematic way, and it demonstrates 
that both the diversity and form of innovative behaviour vary with brain size. 
Previous authors have suggested that some forms of innovation might be more 
cognitively demanding than others (e.g. Ramsey et al., 2007; Reader and Laland, 
2003), but have not provided an objective, operational measure to test this 
hypothesis (Giraldeau et al., 2007). This study provides the first evidence that 
some forms of innovation (i.e., technical innovation) may require a greater neural 
substrate than others (i.e., food type innovations).  
Chapter 4 explores the two previously-mentioned hypotheses in animal 
cognition research. The Ecological Intelligence Hypothesis posits that challenges 
in the environment drive selection for greater cognitive capacity, whereas the 
Social Intelligence Hypothesis emphasizes the role of social factors in the 
evolution of cognition. These two hypotheses are commonly interpreted to offer 
competing explanations for the evolution of cognition. However, social 
organization is not independent of the environment; previous work suggests that 
when the distribution of resources (i.e. food, water, mates) is unpredictable in 
space and time, individuals are unable to defend these resources and it may be 
advantageous to tolerate others and live socially. There is ongoing debate about 
the relative contribution of ecological and social factors to the evolution of 
cognition. Yet separate bodies of research have suggested that the same 
environmental factor (resource distribution) could drive ecological and social 
traits in the directions predicted to be associated with increased cognitive 
capacity. In Chapter 4, I use a game theory model to formalize this hypothesis for 
the first time. This study thus provides a theoretical framework that unifies 
ecological and social theories for the evolution of cognition.  
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Chapters 5 and 6 are experimental studies of innovation in the Carib 
grackle. Although innovative behaviour has been recorded for many species, 
observations of innovation in the wild generally occur by chance (e.g. Raes et al., 
2008) or during the course of long-term focal studies of populations (Kummer 
and Goodall, 1985). Innovation is rarely studied in a controlled setting because it 
is not amenable to the repetition and manipulation required for a traditional 
psychology study: by definition, innovation occurs only the first time an animal 
solves a new problem. Thus, although innovation is central to the studies of 
cognition, social learning, and culture in animals, its study has been limited by 
practical considerations. Chapters 5 and 6 are among the few controlled studies 
of innovation. In these chapters, I develop experimental approaches that 
overcome the practical challenges of studying innovation and allow me to ask 
questions about when and how innovation occurs.  
Innovative behaviour has been studied in groups of animals (Boogert et 
al., 2008; Laland and Reader, 1999), and researchers have manipulated group 
size to examine its influence on innovation (Liker and Bokony, 2009). Chapter 5 
provides the first test of the effect of social context on the innovative behaviour 
of a focal individual caught in the wild. This study is different from previous 
work in that it compares a lone individual’s tendency to innovate with that of an 
individual in a manipulated social context. The finding that birds are faster to 
approach a new problem when alone raises questions about the interaction 
between sociality and innovativeness. More specifically, it suggests a possible 
trade-off between the benefits of feeding in groups (e.g. reduced predation) and 
taking advantage of new feeding opportunities. This provides a predictive 
framework for the situations in which we should expect to see increased rates of 
innovation in wild birds: in higher risk situations, individuals would be expected 
to feed with others and therefore be less likely to innovate.  
The results of Chapter 6 are consistent with studies in other species 
linking innovativeness with novelty responses such as neophobia and exploration 
(e.g. Boogert et al., 2008), and add to the generalizability of these relationships. 
The fact that innovation is part of a suite of behavioural traits may contribute to 
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our understanding of innovation itself (Gajdon, 2007) and could inform 
predictions of the conditions that might favour innovation (Greenberg and 
Mettke-Hofmann, 2001). This chapter also provides one of the first detailed 
accounts of the process of innovation in birds and should be used as a starting 
point for further work on the cognitive mechanisms involved in innovation. It 
suggests that flexibility, selective attention, inhibition, and persistence are all 
components of the innovative process in the Carib grackle.  
Appendix 1 is a supplemental table of all innovations used in Chapter 3, 
and should serve as a resource for other researchers of cognition. The other 
appendices provide the first description of kleptoparasitic foraging behaviour in 
Gray Kingbirds (Appendix 2) and the first quantification of sexual dimorphism 
in Quiscalus lugubris fortirostris, a subspecies of Q. lugubris with reduced 
sexual dichromatism (Appendix 3).  
One novel aspect of this thesis is its diversity of methods. In Chapters 1, 2 
and 3, I use the phylogenetic comparative method. In Chapter 4, I construct a 
game theory model. In Chapters 5 and 6, I conduct behavioural studies of wild-
caught birds. In the appendices, I include a short note based on field observations 
of innovative feeding behaviour (Appendix 2), and a study of sexual dimorphism 
that employs biometric measurements and analyses (Appendix 3). By integrating 
and comparing results across a variety of taxonomic scales and analytic methods, 
I hope to create a more complete picture of the general relationships between 
behavioural innovation, cognition, and the environment.  
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Abstract 
Foraging innovation occurs when animals exploit novel food sources or invent 
new foraging techniques. Species vary widely in their rates of innovation, and 
these differences can be quantified using counts of novel behaviour observed in 
the wild. One of the assumed benefits of innovativeness is that it allows species 
to exploit a wider variety of habitats and foods, but the relationship between 
innovation and ecological generalism has not been tested directly. In this study, 
we test whether highly innovative species are ecological generalists using data 
for 193 North American bird species gathered from the Birds of North America 
monograph series. We also examine a possible ecological cost of generalism in 
innovators: exposure to a wider variety of predators. Using a phylogenetically 
informed analysis, we find a significant positive relationship between innovation 
rate and habitat generalism, but not diet breadth. Although habitat generalism is 
also associated with exposure to a wider variety of predators, there is no direct 
relationship between innovation rate and predation. Our results suggest that 
while innovators use a wider variety of habitats, they are not necessarily diet 
generalists, highlighting the fact that feeding generalism is not equivalent to 
feeding flexibility in birds. 
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Introduction 
The ability to innovate (Reader and Laland, 2003; Kummer and Goodall, 1985) 
has long been hypothesized to confer advantages to individuals exposed to novel 
or altered environmental conditions (Klopfer, 1962; Mayr, 1965; Morse, 1980). 
Selective advantages for innovativeness have proven difficult to demonstrate, 
however, in part because of the difficulty of operationally quantifying 
innovativeness in comparative analyses. The frequency of novel or unusual 
behaviours reported in the literature can provide a quantitative measure of 
taxonomic differences in innovation propensity (Lefebvre et al., 2004; Lefebvre 
et al., 1997; Reader and Laland, 2002; Lefebvre, In Press) and is a useful index 
for testing hypotheses on the ecology and evolution of behavioural flexibility 
(Garamszegi et al., 2007; Sol et al., 2005a; Sol et al., 2005b).  
 One of the hypothesized benefits of innovativeness is that it allows 
animals to exploit a wide variety of resources (Reader and MacDonald, 2003). 
Innovative species are predicted to be ecological generalists, with greater diet 
and habitat breadth than less innovative species. A positive relationship between 
innovation/flexibility and generalism has been assumed in much of the animal 
cognition literature, but the evidence for this relationship is mostly indirect 
(reviewed in Sol, 2003). For example, innovation (Nicolakakis et al., 2003) and 
generalism (Phillimore et al., 2007) are both associated with speciosity in birds, 
but there is no direct test of the relationship between innovation and generalism. 
Generalism is not only thought to be associated with innovation, but has 
also been implicated in the evolution of learning and enlarged brain size. 
Johnston (1982) proposed that the resource variability that leads to generalist 
foraging (Gray, 1981) might favour the evolution of learning (see also Rozin and 
Schull, 1988). Evidence in support of better learning in generalists than in 
specialists comes from studies on rodents (Daly et al., 1982) and insects (Laverty 
and Plowright, 1988). The greater amount of information that needs to be 
processed by a generalist compared to a specialist is also thought to contribute to 
selection for enlarged brains (Harvey and Krebs, 1990), an idea supported by 
data on rodents (Mace et al., 1980) and bats (Ratcliffe et al., 2006). The 
 49 
predictions on innovativeness, enlarged brains and learning are not independent; 
the three traits are intercorrelated (innovativeness and enlarged brains: Lefebvre 
et al., 1997; Reader and Laland, 2002; innovativeness and reversal learning: 
Lefebvre et al., 2004).  
In this paper, we test the prediction that innovation rate and residual brain 
size are positively associated with ecological generalism in birds. We focus on 
North American species because detailed information on their ecology is 
available from a single standardized source, the Birds of North America 
monograph series published by the American Ornithologists’ Union (BNO; Gill, 
1992-2002). We operationalize generalism as the diversity of the foods and 
habitats that a species exploits (Bennett and Owens, 2002). In addition to diet 
and habitat diversity, we also consider a potential ecological cost of generalism: 
exposure to a wider diversity of predators. Because a higher level of predation 
leads to higher mortality, predation might be an obvious cost of foraging 
innovativeness. At the same time, exposure to a diversity of predators might also 
contribute to selection for traits that mitigate this increased risk. For example, 
higher rates of innovation (Garamszegi et al., 2007) and larger brains (Møller et 
al., 2006) seem to involve a higher cost of endoparasitism in birds, but also lead 
to enlarged immune organs. In the case of predation, we predict a positive 
association between residual brain size and the higher predator diversity 
potentially associated with ecological generalism. The novel predators 
encountered by innovative foragers are more likely to be dealt with via learning 
than by genetically pre-programmed recognition and avoidance for the simple 
reason that novelty does not provide the long term, repeated encounters which 
select for genetic variants that help individuals survive attacks by specific 
predators (Chiappe and MacDonald, 2005). Instead, individual and social 
learning offer more flexible mechanisms to cope with rare encounters and 
frequent change (reviewed by Griffin, 2004).  
 
Methods 
Brain and innovation data 
 50 
We gathered data on brain and body mass for 193 North American bird species 
from two major sources (Fig. 1, Table 3). We use actual brain mass, where 
available (Garamszegi et al., 2002), but also include cranial endocast measures 
(Iwaniuk, 2003) converted to mass by multiplying endocranial volume by the 
density of fresh brain tissue (1.036 g/ml). A study comparing these two measures 
found that endocranial volume explains almost all of the variance in fresh brain 
mass (R = 0.99; Iwaniuk and Nelson, 2002). Inclusion of brain size data from 
multiple sources does not bias studies of innovation and yields identical 
conclusions to data from a single source (Overington et al., 2009; Chapter 3).  
 Brain mass and body mass are highly correlated (R = 0.94 in our global 
database of 1966 species). To introduce both variables as predictors into our 
model, as has been suggested as an alternative to the use of residuals (Darlington 
and Smulders, 2001; Garcia-Berthou, 2001), could create problems of 
collinearity given the number of variables in our analyses. We control for this 
relationship by calculating the residuals from a regression of (log) brain mass and 
(log) body mass (Bennett and Harvey, 1985).  
For our innovation measure, we used an extended version of the North 
American database collated by Lefebvre et al. (1997). To compile these data, the 
short notes sections of 30 ornithological journals published between 1960 and 
1998 were exhaustively searched. In this study, as in earlier work by Lefebvre et 
al. (1997, 1998), an innovation was defined as the ingestion of a new food type 
or the use of a new foraging technique, based on the use of keywords like 
“unusual,” “opportunistic,” “unknown,” “rare,” “first report” or “not noted 
before” in the short notes (for examples, see tables in Lefebvre et al., 1997; 
1998). If numerous species were mentioned in an account, each one was 
attributed an innovation, but if the same innovation was found more than once 
for the same species, only the first record was retained. As in previous work by 
Lefebvre and colleagues (Nicolakakis and Lefebvre, 2000; Sol et al., 2005a; 
Timmermans et al., 2000), we corrected for research effort, given that the 
number of innovations noted by ornithologists is higher for more intensely 
studied groups of birds. Research effort was operationally defined as the number 
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of published papers on each species found in the online version of The 
Zoological Record (1978-2002). We included innovation measures for all species 
in our brain dataset, including those with zero innovations, given that we 
corrected for research effort as described above, allowing for some interpretation 
of the zero measure (i.e. whether it was expected given the low research effort 
for the species). We repeated analyses with a reduced dataset of the species for 
which we had at least one innovation, and the results were qualitatively the same. 
We therefore report the results of our full analyses here.  
 
Ecological variables 
We used a categorical measure of diet generalism, where a species using a 
greater number of food types is considered to be more generalist than a species 
eating a smaller number of food types. We defined food types using six 
categories based on the classification scheme of Bennett and Owens (2002): 
vertebrate carrion; vertebrate prey; invertebrate prey; nectar or pollen; fruit or 
seeds; leaves or stems. We measured diet generalism by counting the number of 
food categories consumed by a species as noted in the BNO monographs for 193 
species. We only included foods that were under the heading ‘main foods taken’ 
in the species monograph to avoid any overlap between foods included in our 
measure of diet generalism and new foods included in innovation rate. Diet 
generalism scores for each species ranged from 1 to 6 categories (Table 1). 
Similarly, we quantified habitat generalism based on the total number of 
habitats used by each species during the breeding season. We chose this season 
because information on the migratory and winter habitats of North American 
birds is sometimes poor, particularly for less-studied species. Habitats were 
placed into eight categories based on the categorization scheme of Bennett and 
Owens (2002): forest; woodland; scrub; tundra, moorland, mountain; grassland, 
steppe, savannah, agricultural; marine; marshland, freshwater habitats; urban and 
suburban habitats. For each species, habitat generalism was calculated by 
counting the total number of habitat categories. Habitat generalism scores ranged 
from 1 to 8 habitat types (Table 1).   
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 Information on predation was not available for all of the species for 
which we had innovation, brain, and generalism data. We collated information on 
the predators of 155 North American bird species, amounting to a total of 83 
predator species. In an initial analysis, we included all predators regardless of 
whether they were reported to prey on adults, nestlings or eggs. In a second 
analysis, we included only predation that affected adult birds. In this analysis, 
our sample size was reduced to 99 species. We report results for analyses using 
both predator diversity measures. 
We were interested in understanding whether innovation exposes animals 
to a behaviourally broader range of predators, rather than to a greater number of 
predator species per se. Consequently, we quantified predator diversity in terms 
of behavioural variation. We used two approaches to measure this. First, each 
bird species’ predators were placed into categories according to the predator’s 
hunting technique. We then counted the total number of predator categories for 
each species in order to obtain a species-specific operational estimate of predator 
diversity. Second, we quantified the number of predator categories from the 
prey’s point of view. We assumed that the variety of a species’ anti-predator 
behaviours should reflect the behavioural diversity of the predators to which it is 
exposed. Therefore, we grouped each species’ responses into categories and 
obtained species-specific operational estimates of anti-predator behaviours by 
counting the total number of response categories for each species. 
To measure predator diversity according to the predator’s hunting 
technique, diurnal raptors, nocturnal raptors and opportunistic predators were 
placed into three separate predator categories. Mammalian predators also formed 
three separate categories, depending on whether they tended to be opportunistic 
(e.g. rats, raccoons, squirrels), specialized hunters (e.g. wolves, dogs, cats), or 
aquatic (e.g. seals, walruses). Some birds had predators that were neither 
mammals nor birds. These included snakes, fish, alligators, and frogs, all of 
which have distinctive ways of hunting their prey. However, only 27 species 
were preyed upon by more than one non-mammal, non-avian predator. Therefore 
all of these predators were placed into one category. Predator diversity scores 
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ranged from 1 to 7 (3 avian, 3 mammalian and one non mammal/non avian; 
Table 1). 
To measure predator diversity in terms of prey response, we recorded the 
behaviour of the 132 bird species for which we had predator information and 
created six categories based on descriptions of anti-predator behaviour by 
Simmons (1952) and Morse (1980). The categories were not selected to reflect 
response complexity, but rather responses that were either incompatible, or 
responses that could be used separately. For example, animals cannot flee and 
freeze at the same time, but they can flee and either alarm call or not. 
Consequently, fleeing, freezing and alarm calling constituted three separate 
categories. Distraction displays, active attacks on predators, and coordinated 
evasive maneuvers constituted three additional categories, yielding between 1 
and 6 anti-predator behaviours (Table 1). 
 
Statistical analyses 
We used a phylogenetic generalized least squares (PGLS) approach (Freckleton 
et al., 2002; Grafen, 1989), to ensure that the results were not affected by 
pseudoreplication arising from common ancestry. This method is based on the 
estimation of a parameter λ, which measures the degree to which the 
variance/covariance matrix follows the Brownian model of evolution. We used 
an R code kindly provided by R. P. Freckleton. Our phylogenetic hypothesis to 
the genus level was that suggested by Sibley and Ahlquist (1990; Fig. 1), with 
branch lengths estimated based on DNA hybridization. This phylogeny is 
considered to be the most comprehensive and is widely used in comparative 
analyses of birds (Rolland et al., 1998; Brändle et al., 2002). We further resolved 
relationships at the species level using a supertree assembled by Katie Davis at 
the bird supertree project 
(http://linnaeus.zoology.gla.ac.uk/~rpage/birdsupertree/results.php; Tree built 
Sept 4 2007; Davis 2008). Diagnostic plots were examined in order to check for 
outliers, heteroschedasticity, and non-normal errors.  
 
 54 
Results 
In the first model, we included innovation as the response variable and our two 
measures of generalism as predictors. Research effort was included in every 
model with innovation. Innovation rate was positively correlated with habitat 
generalism (F4, 193 = 2.65, P = 0.009, Table 2), but there was no relationship 
between innovativeness and diet breadth (F3,193 = 1.45, P = 0.148, Table 2). 
Habitat generalism and diet breadth were not significantly correlated with one 
another (F2,193 = 0.17, P = 0.68). 
We ran a second set of analyses with our predation measures as predictors 
and habitat generalism or diet generalism as the response variable. As predicted, 
habitat generalists are exposed to a wider diversity of predators, measured as 
hunting categories of predators (PGLS: F1,148 = -2.231, P = 0.027; with adults 
only PGLS: F1,99 = - 2.017, P = 0.05), but dietary generalists are not (F4,111 = 
0.14, P = 0.89). Neither measure of generalism was associated with the number 
of anti-predator responses (PGLS: habitat: F2,131 = 0.192, P = 0.85; diet: F2,131 = 
0.420, P = 0.68). There was no significant relationship between innovativeness 
and predator diversity, whether this was quantified as the number of predator 
types (PGLS: F2,155 = 0.66, P = 0.510) or the number of anti-predator categories 
(PGLS: F2,132 = 1.69, P = 0.095). Excluding nest predation and thus focusing only 
on situations where a foraging adult might encounter predators did not change 
the results (PGLS: F2,99 = 0.56, P = 0.578). 
There was a positive relationship between innovation rate and residual 
brain size (PGLS: F3, 193 = 5.45, P < 0.0001). However, brain size was unrelated 
to diet breadth (F 3,193 = 1.46, P = 0.15), habitat breadth (F 3,193 = 1.51, P = 0.13), 
or number of predator categories, no matter how predator diversity was 
quantified (PGLS, number of predators on adults and young: F2,155 = -1.33, P = 
0.184; adults only: F2,99 = -0.916, P = 0.184; anti-predator responses: F2,132 = -
1.55, P = 0.125).  
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Discussion 
In this study, we tested the relationship between innovativeness and ecological 
generalism in North American birds. We predicted a positive relationship 
between these measures and found that innovative species are habitat, but not 
diet, generalists.   
One of the hypothesized advantages of innovativeness is that it allows 
animals to deal with challenges in the environment by expanding their 
behavioural repertoire. Several studies support this hypothesis indirectly: in a 
study of over 600 introduction events in birds, Cassey et al. (2004) found that 
habitat generalism of species increased the degree of success when introduced to 
a new habitat. Sol et al. (2005) found that innovativeness contributed to 
introduction success rates. Shultz et al. (2005) demonstrated that population 
declines of farmland bird species in Britain were negatively correlated with niche 
breadth and relative brain size. Our study links these studies by demonstrating a 
positive relationship between innovativeness and habitat generalism. Given all of 
these results, it may be that innovators are able to thrive in a wide variety of 
habitats—including novel ones—because they are able to expand their feeding 
behaviour to exploit (novel) available resources, despite the fact that they are not 
diet generalists in their native habitats.  
The lack of any relationship between innovativeness and diet generalism 
was surprising. Indeed, innovation and feeding generalism are often assumed to 
be part of a suite of related behavioural traits (Sol, 2003), and innovativeness was 
initially conceived partly as a measure of feeding generalism (Lefebvre et al., 
1997). However, there is emerging evidence that diet breadth is not equivalent to 
feeding innovativeness, and that the two measures have different relationships 
with brain size. For example, new foods do not contribute per se to the 
relationship between innovation rate and brain size unless novel feeding 
techniques are also present (Overington et al., 2009; Chapter 3). The results of 
these studies highlight the difference between the size of the behavioural 
repertoire (e.g. major dietary categories exploited), and the ability to expand that 
repertoire through innovation. Although increased flexibility should allow 
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species to eat a wider variety of foods when necessary, degree of generalism is 
also shaped by factors such as resource availability, competition, and 
morphology (Futuyma and Moreno, 1988). Thus, innovators may be diet 
specialists or generalists, depending on the conditions at hand.  
 Although innovativeness and brain size were positively correlated, brain 
size was not associated with either habitat or diet generalism. This is in apparent 
contradiction with the widely held hypothesis that enlarged brain size is 
associated with broader resource use (e.g. Harvey and Krebs, 1990). However, 
many studies that demonstrate a relationship between brain size and generalism 
may actually have quantified behavioural flexibility rather than breadth of 
resource use. For example, it has been shown that brain size is positively 
correlated with the variety of hunting techniques used by bat species (Ratcliffe et 
al., 2006). In a broader sample of mammals, species with larger brain size had 
greater behavioural repertoires (quantified as the number of behaviours recorded 
in species ethograms), a measure that focused on the breadth of behaviours—not 
resources—used (Changizi, 2003). The relationship between generalism and 
brain size, when it appears, may be indirect, with behavioural flexibility as the 
intervening variable. For example, path analysis of the relationship between 
innovation, brain size, and introduction success showed that the most likely 
relationship between these traits was that enlarged brain size is associated with 
increased innovativeness, which then leads to greater invasion potential (Sol et 
al., 2005). Both niche breadth and relative brain size were associated with 
differences in population declines in British birds, but the direct relationship 
between brain size and niche breadth was not examined (Shultz et al., 2005), and 
it is quite possible that enlarged brain size is associated with innovativeness in 
these species, which in turn plays a role in their ability to broaden their niche 
breadth and to withstand habitat destruction.  
One factor that may conceal overall patterns in our sample is the 
phylogenetic level where cognitive and ecological traits vary. Much of the 
variation in brain size and innovation occurs at ancient splits in the phylogeny 
(i.e. the family or parvorder: Overington et al. 2009; Chapter 3), yet there is a 
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great deal of variation in ecological traits at the species level, within families 
(e.g. Schuck-Paim et al., 2008). In this study we were interested in ecological 
traits of species. Thus, although variation in brain size may be better captured by 
focusing at the family or parvorder level in birds, a study at that level would 
require an averaging of ecological values of species within the family, concealing 
variation in the traits of interest. This problem of scale should be approached 
empirically, with a focus on asking the same questions about the evolution of 
cognition across clades and at different phylogenetic levels.  Indeed, the 
relationships between ecology and cognition may differ between taxa and 
between avian clades. Chapter 2 provides a test of the relationship between 
residual brain size and ecology within a single clade of North and South 
American birds, the grackles and allies.   
To understand the evolution of intelligence, comparative analyses must 
pinpoint situations where large brains and innovativeness provide a survival 
advantage (Sol et al., 2005b; Sol et al., 2007), as well as those where they impart 
costs and constraints. Innovations are inherently risky, and short notes 
occasionally report death or sickness in birds that ingest a novel food (Bostic, 
1996; Borgelt, 1960; Gartrell and Reid, 2007). In this study, we predicted an 
additional ecological cost to innovation: exposure to a diversity of predators. 
Contrary to our prediction, we found that although predator diversity is positively 
correlated with habitat breadth, it is not associated with differences in either 
innovativeness or brain size. This lack of a relationship is consistent with recent 
work demonstrating that variation in predation risk by European sparrowhawks 
for European passerines is not associated with brain size (Møller et al., 2006). 
Given the positive relationship we found between predator diversity and habitat 
breadth (which suggests that our method for quantifying predator diversity was 
meaningful) predation does not appear to be an ecological cost of innovative 
foraging behaviour.  
Contrary to the case for predation, the evidence that disease might be a 
major environmental risk of innovativeness is more solid. Garamszegi et al. 
(2007) have shown that innovative birds have a higher blood parasite load and 
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larger immune organs (spleen, thymus, bursa of Fabricius) than non-innovators. 
Path analysis suggests that it is innovativeness that drives the increased demands 
on immune systems, in accordance with the idea that exposure to new foods 
increases exposure to new pathogens. Møller et al. (2005) found that the 
relationship also applies to brain size: larger brained birds have enlarged immune 
organs, as one would predict from the relationship between innovation and brain 
size. Specific diseases such as salmonellosis (Tizard, 2004), botulism (Ortiz and 
Smith, 1994) and mycoplasmal conjunctivitis (Fischer et al., 1997) have also 
been linked to flexible lifestyles.  
Our results add to the current understanding of the relationships between 
brain size, innovation, and the ecology of species. The positive relationship 
between residual brain size and innovation is robust across phylogenetic levels 
(Lefebvre et al, 1997; Lefebvre et al, 2004, Sol et al. 2005) and geographical 
regions (Lefebvre et al, 1998). The capacity for large-brained species to innovate 
may also have implications for their ecology, allowing them to live in a wide 
variety of habitats, and to succeed when introduced to novel habitats (Cassey et 
al., 2004, Sol et al., 2005).  
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Tables and Figures 
Table 1. Description of ecological variables used in this study.  
 
VARIABLE 
NAME 
DESCRIPTION RANGE OF 
VALUES 
Predator diversity  (1) Number of predator categories known 
to prey on adults, young, and eggs of a 
given species, or (2) Number of predator 
categories known to prey only on adult 
birds for a given species 
From 1 to 7 
Anti-predator  
behaviours 
Number of anti-predator behaviours 
recorded for a species 
From 1 to 6 
Habitat generalism Number of habitat types used during the 
breeding season  
From 1 to 8 
Diet generalism Number of food types in regular diet  From 1 to 6 
Nest location Ground nest (1) or Raised nest (0) 1/0 
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Table 2. Results of PGLS models of number of innovations as a function of 
ecological variables and research effort.  
 
Term Estimate Standard Error T-value P 
Diet breadth 0.286   0.197   1.45   0.148  
Habitat 
breadth 
0.407   0.154   2.65   0.009  
Research 
Effort 
0.004 0.001 6.56 <0.001 
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Table 3. List of species used in this study, in phylogenetic order. Starred (*) 
species (N = 14) indicates that some ecological data were missing and they could 
not be included in the final analyses. 
 
Cygnus buccinator Aramus guarana 
Cygnus columbianus Grus canadensis * 
Branta sandvicensis Scolopax minor 
Branta canadensis Numenius phaeopus 
Melanitta fusca Numenius americanus 
Melanitta nigra Limnodromus griseus 
Melanitta perspicillata Limnodromus scolopaceus 
Aix sponsa Limosa lapponica 
Anas clypeata Limosa fedoa 
Anas cyanoptera Phalaropus fuliclaria 
Anas laysanensis Phalaropus lobatus 
Anas strepera Tringa solitaria 
Anas wyvilliana Tringa flavipes * 
Anas acuta Tringa melanoleuca 
Anas platyrrynchos Calidris alba 
Colaptes auratus * Calidris alpina 
Melanerpes carolinus Calidris canutus 
Melanerpes erythrocephalus * Calidris fuscicollis 
Melanerpes formicivorus * Calidris maritima 
Melanerpes lewis Calidris melanotos 
Picoides arcticus Tryngites subruficollis 
Picoides borealis Calidris minutilla 
Picoides scalaris Calidris pusilla 
Picoides tridactylus Charadrius vociferus 
Picoides villosus Pluvialis squatarola 
Picoides pubescens Pluvialis dominica 
Geococcyx californianus Haematopus bachmani 
Coccyzus americanus Haematopus mexicanus 
Coccyzus erythropthalmus Haematopus americana 
Brotogeris versicolurus Uria aalge 
Zenaida macroura Uria lomvia 
Leptotila verreauxi Cepphus grylle 
Columba leucocephala Cepphus monocerata 
Columba fasciata Fratercula arctica 
Streptopelia chinensis Fratercula corniculata 
Streptopelia decaocto Stercorarius parasiticus 
Columbina passerina Stercorarius pomarinus * 
Porzana carolina Sterna fuscata 
Gallinula chloropus Sterna hirundo * 
Fulica americana * Larus argentatus 
Rallus longirostris Larus canus 
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Larus delawarensis Pyrocephalus rubinus 
Larus glaucescens Tyrannus dominicensis 
Falco columbarius Tyrannus forficatus 
Falco peregrinus * Tyrannus tyrannus 
Falco sparverius Tyrannus verticalis 
Pandion halieatus Pitangus sulphuratus 
Circus cyaneus Myiarchus tyrannulus 
Accipiter gentilis Vireo olivaceus 
Buteo jamaicensis Vireo altioquus 
Buteo lagopus Corvus brachyrhynchos 
Buteo lineatus Corvus caurinus 
Buteo platypterus Corvus corax 
Buteo regalis Corvus cryptoleucos 
Buteo swainsoni Corvus ossifragus 
Aechmophorus occidentalis Perisoreus canadensis 
Podiceps auritus Pica pica 
Podiceps grisgena Aphelocoma caerulescens 
Podiceps nigricollis Aphelocoma ultramarina 
Podiceps podiceps Cyanocitta cristata * 
Phaethon rubricauda Cyanocitta stelleri 
Phalacrocorax urile Gymnorhinus cyanocephalus 
Phalacrocorax carbo Phainopepla nitens 
Ixobrychus exilis Bombycilla cedrorum 
Botaurus lentignosus Bombycilla garrulus * 
Nyctanassa violacea Sialia sialis 
Bubulcus ibis Sialia mexicana 
Ardea herodias Myadestes townsendi 
Eudocimus albus Catharus fuscencens 
Plegadis chihi Turdus migratorius 
Plegadis falcinellus Sturnus vulgaris 
Mycteria americana Acridotheres tristis 
Coragyps atratus Dumetella carolinensis 
Cathartes aura Mimus polyglottus 
Gavia immer Toxostoma curvirostre 
Gavia stellata Toxostoma rufum 
Sayornis nigricans Sitta carolinensis 
Sayornis phoebe Sitta canadensis 
Sayornis saya Sitta pygmaea 
Contopus virens Polioptila caerulea 
Empidonax minimus Auriparus flaviceps 
Empidonax virescens Campylorhynchus bruneicapillus 
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Troglodytes aedon 
Troglodytes troglodytes 
Thryomanes bewickii 
Parus hudsonicus 
Hirundo rustica 
Riparia riparia 
Progne subis 
Regulus calendula 
Regulus satrapa 
Pycnonotus jocosus * 
Alauda arvensis 
Eremophila alpestris 
Passer montanus 
Passer domesticus 
Motacilla alba 
Motacilla flava 
Carduelis pinus * 
Carduelis tristis 
Pinicola enucleator 
Himatione sanguinea 
Melospiza georgiana 
Junco hyemalis 
Pooecetes gramineus 
Spizella arborea 
Calamospiza melanocorys 
Calcarius lapponicus 
Plectrophenax nivalis 
Icteria virens 
Helmitheros vermivorus 
Myioborus pictus 
Protonotaria citrea 
Vermivora peregrina * 
Dendroica caerulescens 
Dendroica coronata 
Dendroica petechia 
Icterus galbula 
Icterus spurius 
Agelaius phoenicus 
Dolichonyx oryzivoros 
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Figure 1. Phylogenetic relationships between species used in this analysis, from 
Sibley and Ahlquist (1990) and Davis (2008). 
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Connecting Statement 
 
In Chapter 1, I tested the prediction (from the Ecological Intelligence 
Hypothesis) that large-brained, innovative species are ecological generalists. I 
found limited support for this prediction: innovation rate was positively 
associated with residual brain size and with habitat breadth, but not with diet 
breadth. Neither habitat or diet generalism were associated with brain size 
directly. This chapter drew from a phylogenetically broad sampling of North 
American bird species, and I relied on observational data from the Birds of North 
America monograph series to quantify generalism on a categorical scale.  
In Chapter 2, I again examine the relationship between cognitive 
complexity and ecological generalism, this time focusing on a single clade of 
birds, the grackles and allies. I do this in order to assess whether the results of 
Chapter 1 can be generalized to a more recent diversification of birds. Here, the 
measure of generalism is not categorical, as it was in Chapter 1. Instead, I rely on 
recently published niche models for the clade. The grackles and allies clade 
contains the second most innovative passerine genus in North America, 
Quiscalus, and the genetic relationships between species have been well 
resolved. Observational data on innovativeness and ecology are not available for 
all species in this group. I therefore use residual brain size, gathered from 
museum specimens, as a correlate of cognition. Niche breadth, a measure that 
integrates data on the distribution of species with spatially explicit environmental 
records, is used as a measure of ecological generalism. I also incorporate some 
data on species’ social structure and breeding system to integrate a series of 
alternate hypotheses that could explain variation in brain size within the clade.  
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CHAPTER 2 
 
 
 
 
Brain size evolution in the grackles and allies (Family Icteridae) 
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Overington SE, Eaton MD, In prep. Brain size evolution in the grackles and 
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Abstract 
Brain size, corrected for body size, varies greatly among birds. One hypothesized 
advantage of increased brain size is that it provides the neural machinery to deal 
with a broader range of ecological conditions. We tested this hypothesis within 
30 species of grackles and allies, an ecologically diverse clade, using niche 
modeling techniques to quantify niche breadth and volume. We analyzed 
correlations between niche characteristics and allometrically corrected 
endocranial volume (a measure of residual brain size), after accounting for 
phylogeny. We also assessed the relationship between residual brain size and 
social group size, breeding system, and migratory behaviour to test alternative 
hypotheses for the factors associated with increased residual brain size across the 
clade. Contrary to our hypothesis and recent findings in parrots, relative brain 
size was not associated with niche breadth in grackles and allies. Niche volume 
was negatively correlated with brain size—but this relationship might be 
explained by migratory behavior. None of the social measures were associated 
with differences in brain size, though brain size appears to have been reduced in 
the genus Molothrus, the only brood parasites in the clade. We provide the first 
description of brain size variation within the grackles and allies, and discuss the 
forces shaping brain size in this clade in relation to broader patterns described for 
all avian taxa.  
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Introduction 
Some species’ brains are much larger than would be expected given their body 
size, while others’ brains are much smaller (Bennett and Harvey, 1985; Dunbar, 
1998). As the organ of cognition, the brain controls the way an animal processes, 
stores, and reacts to information from the environment, and a proportionally 
larger brain should confer some form of enhanced cognitive ability (Jerison, 
1973). At the same time, the brain is a metabolically and/or developmentally 
costly organ to maintain (in mammals: Isler and van Schaik, 2006; in birds: Isler 
and Van Schaik, 2009; Iwaniuk and Nelson, 2003). One approach to 
understanding the great diversity in brain size is to assess the possible costs and 
benefits of having a relatively large or small brain. For example, large-brained 
birds have reduced mortality rates (Sol et al., 2007), suggesting that increased 
lifespan may be a direct benefit of enlarged brain size, offsetting developmental 
costs. A first step toward understanding how selection has shaped brain size is to 
explore the behavioural and ecological correlates of changes in brain size, and to 
investigate how these might drive variation over evolutionary timescales.  
The Ecological Intelligence Hypothesis (EIH) posits that increased brain 
size allows animals to deal with challenges in the physical environment, such as 
unpredictable food sources (Eisenberg and Wilson, 1978) or difficult to reach 
prey (Milton, 1988). Corollaries of this hypothesis are that animals with larger 
brains should eat a wide variety of foods (although see Chapter 1), and/or live in 
a wide variety of habitats (Schuck-Paim et al., 2008). In birds, brain size is 
positively correlated with the frequency of innovative feeding behaviours noted 
in the ornithological literature (Lefebvre et al., 1997b). Along with being more 
innovative, large-brained bird species are more successful at colonizing new 
environments (Sol et al., 2005a; Sol and Lefebvre, 2000), more likely to use tools 
(Lefebvre et al., 2002), and more likely to perform innovations involving the 
invention of new foraging techniques (Overington et al., 2009, Chapter 3). A 
recent study of parrots found that species with larger relative brain size live in 
habitats with greater fluctuation in rainfall (Schuck-Paim et al., 2008), again 
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supporting the idea that brain size is associated with a capacity to deal with 
environmental variability.  
Studies testing the EIH have focused on whole brain size (corrected for 
body size) instead of specific brain areas. The cognitive demands of an 
unpredictable or variable environment are presumed to require domain-general 
processes, such as innovativeness, behavioural flexibility, and perhaps tool use 
(Chiappe and MacDonald, 2005; Lefebvre et al., 2004), and these traits appear to 
be associated with neuronal activity in a distributed network of brain areas, at 
least in humans and monkeys (Lewis, 2006; Obayashi et al., 2001). Additionally, 
studies at the level of the whole brain allow researchers to amass large sample 
sizes, thus reducing the potential error of using one or a few individual birds. 
Existing museum collections offer a wealth of data for comparative studies 
without impacting current bird populations. 
With the exception of the recent work by Schuck-Paim and colleagues, 
most studies testing the EIH in birds have used a very broad sampling of taxa, 
including hundreds of species (e.g. Sol et al., 2005a; Chapter 1). Few studies 
have tested this hypothesis within families or genera to determine whether it 
applies to more recent diversifications in brain size. We focus on these younger 
divergences in order to: (1) complement studies covering longer evolutionary 
times by testing the generality of the hypothesis, and (2) potentially reveal 
evolutionary changes masked by broader taxonomic treatments through using 
species-level phylogenetic reconstructions. Although some excellent new 
phylogenies have become available that cover much of the avian tree (Barker et 
al., 2004; Hackett et al., 2008), the quality of phylogenetic data is still uneven 
between clades. Focusing on a single, well-resolved group enhances our ability 
to do meaningful phylogenetically-informed comparative studies.  
In this study, we test the EIH in the grackles and allies, a clade of 
approximately 40 species within the family Icteridae. Members of this passerine 
clade can be found in a wide variety of habitats, including forests, grasslands, 
marshes, as well as suburban and urban settings (Jaramillo and Burke, 1999). 
These birds often thrive in anthropogenic environments, and a few species are 
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considered agricultural pests. They are also noted for their opportunistic feeding 
behaviour and have been used in studies of learning and cognition (Griffin and 
Galef, 2005; Lefebvre et al., 1997a; Mason and Reidinger, 1981, 1982; May and 
Reboreda, 2005; Webster and Lefebvre, 2001). Comparative studies of foraging 
innovations in North American birds highlight Quiscalus (grackles) as the 
passerine genus with the second highest number of reports of innovative feeding 
behaviour after Corvus (crows and ravens; Webster and Lefebvre, 2001), a genus 
very well known for its complex cognitive abilities (Emery and Clayton, 2004). 
Furthermore, detailed information on the ecology and behaviour of most icterid 
species is available in the literature (e.g. Fraga, 2008; Jaramillo and Burke, 1999; 
Price, 2009), and the phylogeny of the family has been well characterized, with 
updates added as any new data or techniques become available (Eaton, 2006; 
Lanyon and Omland, 1999; Powell et al., 2008). There is a high level of variation 
within the family in terms of ecology, behaviour, morphology, and relative brain 
size (Iwaniuk, 2003).  
We tested the EIH by examining the relationship between brain size and 
characteristics of the ecological niche for 30 species in this clade. Previous tests 
of the relationship between cognition and the ecology of species have used 
measures such as the number of different food types a species consumes or the 
number of habitat types in which a species is found (e.g. Bennett and Owens, 
2002; Chapter 1), both of which rely on detailed field observations. However, 
new advances in GIS and modeling techniques allow for more quantitative 
descriptions of a species’ niche. In particular, modern niche modeling approaches 
can draw upon locality data and climate data made available through remote 
sensing. If large brain size allows species to deal with a wide variety of 
environmental conditions, then larger-brained species should have larger niches 
than smaller brained ones. To link this study with other studies on the ecology of 
brain size (Chapter 1), we also use a categorical measure of niche breadth for a 
subset of our species, defined as the number of habitat categories in which each 
species is found. 
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There are a number of other factors that may play a role in brain size 
evolution across avian taxa. For example, the Social Intelligence Hypothesis 
emphasizes the role of challenges in the social environment (Dunbar, 1998). This 
hypothesis has received strong support for explaining brain evolution in 
primates, where social group size is positively correlated with the size of the 
neocortex (Dunbar, 1995), but the results for birds have been mixed (Beauchamp 
and Fernandez-Juricic, 2004; Emery et al., 2007). We therefore include several 
measures in our analyses to determine how differences in social group size might 
shape brain size in the grackles and allies. Finally, comparative studies in birds 
have found that migrants have smaller relative brain size than residents (Sol et 
al., 2005b; Winkler et al., 2004), and that unusual breeding systems such as 
cooperation and brood parasitism may contribute to changes in relative brain size 
(Boerner and Kruger, 2008; Emery et al., 2007). We therefore include these 
measures in our analyses to test alternative hypotheses for the evolution of brain 
size in icterids.   
 
Methods 
Endocranial volume 
Endocranial volume explains most of the variance in brain mass (r = 0.99; 
Iwaniuk and Nelson 2002). Using this measure also avoids the problems 
associated with differences in preparation techniques of preserved brains (Healy 
and Rowe 2007). Endocranial volume was measured following the methods of 
Iwaniuk and Nelson (2002): i) unossified regions of the skull were sealed with 
masking tape; ii) size 12 lead birdshot was poured into the endocranial cavity 
through the foramen magnum (the skull was repeatedly tapped to prevent the 
formation of air spaces between shot, and the skull was considered full when the 
birdshot was level with the lip of the foramen magnum); iii) the shot was then 
decanted into a modified syringe, and volume was recorded to the nearest 0.05 
mL. Volume measurements were highly consistent between researchers, (r = 
0.95, N = 10) and were recalibrated several times to ensure that there was never a 
difference greater than 0.05 mL between measurers. For the 19 cases in which 
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we had measurements from both SEO and Andrew N. Iwaniuk (a researcher with 
experience using this method), the correlation coefficient was 0.94 between 
measurers, a high value given that these measurements were not from the same 
specimens, but were matched based on species and sex.  
We measured the skulls of 209 individuals from 33 species (30 grackles 
and allies, 3 Icterus as outgroup) from the museum collections of the Yale 
Peabody Museum (New Haven, CT), the American Museum of Natural History 
(New York, NY), the Smithsonian Museum of Natural History (Washington, 
DC), and the Royal Ontario Museum (Toronto, ON). A full list of specimen 
numbers is available upon request. We measured between 1 and 10 (5 male, 5 
female when available) specimens per species, and we used only undamaged 
skulls. We measured additional specimens to quantify intraspecific variation in 
endocranial volume in Quiscalus lugubris (N = 23), Agelaius phoeniceus (N = 
23), and Euphagus carolinus (N = 19).  
For each species, we used the endocranial measurements of museum 
specimens for which body mass data existed. If no body mass data were available 
from the specimens themselves (41 cases out of 209), we used the body mass 
data from Dunning (1993) and the mean endocranial volume of all measurements 
taken to calculate brain-body residuals, as described below. Body mass may 
fluctuate daily, seasonally, and over the course of an individual’s lifetime. 
However, this measure is routinely collected by ornithologists and is included 
with museum specimens. It is thus an easily available proxy for body size that is 
widely used in comparative studies (e.g. Lefebvre et al., 2004; Owens et al., 
1999; Schuck-Paim et al., 2008; Sol et al., 2005b). To validate the use of body 
mass as a measure of body size, we examined the relationship between body 
mass recorded upon capture and length of the tibiotarsus for 149 museum 
specimens. These measures were highly correlated after log-transformation (R2 = 
0.95, P < 0.0001, N = 149). Tibiotarsus length was also a highly repeatable 
measure (SEO compared to Neeltje J. Boogert; R2 = 0.99, P < 0.0001, N = 60). 
Almost all comparative studies of brain size pool data from both sexes of each 
species (e.g. Bennett and Harvey, 1985; Harvey et al., 1980; Lefebvre et al., 
 79 
1997b; Sol et al., 2005a). While this may be justified when there are no a priori 
reasons to expect sex differences, we tested all hypotheses separately on male 
and female birds to identify any differences in the forces driving brain size 
evolution between the sexes, as some Icterid species (e.g. Quiscalus mexicanus) 
are much more sexually dimorphic than others (e.g. Molothrus badius; Jaramillo 
and Burke, 1999).  
To correct for the allometric relationship between endocranial volume 
and body size, we log-transformed both measures and ran a linear regression 
between them. We then used the Studentized residuals (i.e. residual values 
divided by their standard deviations) from the regression as a measure of residual 
endocranial volume for each species. This method is widely used in studies of 
brain size evolution (e.g. Lefebvre et al., 2004; Schuck-Paim et al., 2008; Sol and 
Price, 2008).  
 
Niche measures 
We used the niche measures from Eaton et al. (2008), which were calculated for 
all Icteridae, including the grackles and allies. These characteristics of niche (see 
Eaton et al. 2008 for calculation details) were derived from niche models 
resulting from GARP analyses of occurrence data during the breeding season for 
all species (Genetic Algorithm for Rule-set Prediction; Stockwell and Peters, 
1999. For sources of data, see Eaton et al. 2008). Nine climatic variables from 
the Worldclim data set were used (Hjimans et al., 2005): annual mean 
temperature, maximum temperature of warmest month, minimum temperature of 
coldest month, annual temperature range, temperature seasonality, annual 
precipitation, precipitation of wettest and driest months, and precipitation 
seasonality; and four dimensions of topography: elevation, slope, aspect, and 
compound topographic index (taken from Hydro-K1 data set, USGS 2001). 
Many climate variables are correlated with one another. Final niche 
characteristics were therefore calculated using a Principal Components Analysis 
(Eaton et al. 2008). Niche breadth can be seen as a measure of the extent of 
ecological niche space across the Americas that a species experiences, while 
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niche volume represents the geographic projection of the suitable niche 
conditions for each species.  
 To compare the results of this study with those of Chapter 1, we also 
quantified habitat generalism as the total number of habitat categories used by 
each species during the breeding season for the ten species in this clade that are 
covered in the Birds of North America monographs series (Gill, 1992-2002). 
Habitats were placed into eight categories based on the categorization scheme of 
Bennett and Owens (2002): forest; woodland; scrub; tundra, moorland, 
mountain; grassland, steppe, savannah, agricultural; marine; marshland, 
freshwater habitats; urban and suburban habitats. For each species, habitat 
generalism was calculated by counting the total number of habitat categories. 
Habitat generalism scores ranged from 3 to 6 habitat types. 
 
Other ecological and social variables 
We included several other variables that could influence niche characteristics, 
brain size, or both. First, we recorded whether a species was migratory or 
resident, given that migratory species are known to have smaller relative brain 
size than residents (Sol et al., 2005b; Winkler et al., 2004) and that migration 
could also influence the breadth of environments in which a species can live. We 
also included the number of subspecies per species as listed in Jaramillo and 
Burke (1999). Although the degree to which subspecies are distinct from one 
another can vary a great deal, we consider them to be an indication of the 
existence of morphologically distinct populations. We recorded two variables 
related to the social structure of each species, based on a recent article by Emery 
et al.  (2007): breeding system and social group size. Breeding system was 
classified as monogamous, polygynous, or variable, based on data from Jaramillo 
and Burke (1999) as well as additional data sources where necessary (Gill, 1992-
2002; Hilty and Brown, 1986; Meyer De Schauensee and Phelps, 1978). Social 
group size was classified in four categories: (1) solitary, (2) large flocks, (3) 
pairs, and (4) small flocks. We based our categorization on qualitative 
descriptions in Jaramillo and Burke (1999) and additional sources (Gill, 1992-
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2002; Hilty and Brown, 1986; Meyer De Schauensee and Phelps, 1978), where 
the descriptors “small flock” and “large flock” were often used, although they 
were not specifically quantified. We also noted whether a species exhibited 
cooperative breeding behaviour or brood parasitism, traits that have respectively 
been associated with increased brain size (Emery et al. 2007) and decreased brain 
size (Boerner and Kruger, 2008) in other taxa. In each of these cases, the sample 
size was not large enough to conduct a statistically meaningful phylogenetically 
controlled analysis, so we limit our analysis to a description of the patterns 
observed. 
 
Phylogenetic Information 
We used the most recently available phylogeny of Icteridae, kindly provided by 
Scott Lanyon (Lanyon and Barker, 2007; Price et al., 2009). This phylogeny was 
based on the DNA sequences of cytochrome B and ND2 mitochondrial gene 
regions for all Icteridae and four nuclear gene regions for selected divergent taxa 
within the clade. 
 
Statistical Analyses 
Species data are not fully independent and the relationships between taxa must be 
taken into account in comparative analyses (Felsenstein, 1985). We used 
phylogenetic generalized least squares (PGLS) to account for the evolutionary 
non-independence of our data. PGLS is a modification of the widely used 
independent contrasts (Garland et al., 1992) that allows for a correction that 
accurately reflects the phylogenetic signal (lambda, λ) in the data. Whereas 
independent contrasts assume that the correlation between trait values for taxa is 
proportional to their phylogenetic relationship (λ =1), PGLS also calculates the 
strength of lambda, which may vary from λ = 0 (no evolutionary signal) to λ = 1 
(in which case the method is equivalent to independent contrasts). PGLS can 
then be used to fit a statistical model to the data using generalized least squares, 
while altering the covariance structure of the error terms to reflect the 
phylogenetic distance between families. We carried out all analyses in R 2.8.1 (R 
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Development Core Team 2008). All phylogenetically-informed analyses were 
done using the Analysis of Phylogenetics and Evolution (APE) package (Paradis 
et al., 2004) and codes were generously provided by R. Freckleton and R. P. 
Duncan. 
 
Results 
Measurements 
Endocranial volume ranged from 0.90 mL (Molothrus bonariensis, female) to 
4.05 mL (Quiscalus major, male) in our specimens. Body mass ranged from 25.1 
g (Agelaius thilius, female) to 227.3 g (Quiscalus major, male). Mean 
endocranial volume (EV) and body mass were calculated separately for males 
and females of each species. We had a slightly different set of species for each 
sex due to lack of specimens (F data only for Agelaius humeralis and 
Macroagelaius imthurni, M data only for A. tricolor, A. xanthomus, Chrysomus 
icterocephalus, Gymnomystax mexicanus, Quiscalus nicaraguensis). Because of 
this, direct comparisons should not be made between residual endocranial 
volume (REV) values for male and female birds. Based on species mean values 
in males, EV ranged from 1.06 mL (A. humeralis) to 3.6 mL (Quiscalus major). 
Body mass ranged from 32.8 g (A. thilius) to 218 g (Quiscalus mexicanus). In 
females, EV ranged from 1.0 mL (A. thilius) to 3.12 mL (Quiscalus major). Body 
mass ranged from 25.7 g (A. thilius) to 172 g (Molothrus (Scaphidura) 
Oryzivora).  
 
Sex differences 
We had endocranial volume data for both males and females of 25 species, and 
the values were highly correlated between the sexes (F2,25 = 25, P < 0.0001). In 
all of our analyses, trends for female and male birds were in the same direction.  
 
Intraspecific variation in endocranial volume 
We used a maximum of 5 individuals of each sex to calculate the sex-specific 
means for each species. We also measured additional specimens when available 
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in museum collections in order to quantify intraspecific variation. For Quiscalus 
lugubris, mean EV + Standard deviation was 2.02 + 0.19 for males (N = 14) and 
1.81 + 0.13 for females (N = 9). For Agelaius phoeniceus males, the measures 
were 1.73 + 0.16 for males (N = 14) and 1.47 + 0.11 for females (N = 9). For 
Euphagus carolinus males, the measures were 1.59 + 0.07 for males (N = 11) and 
1.46 + 0.06 for females (N = 8). Despite the fact that specimens belong to 
different populations or subspecies, the standard deviation values were all well 
within 10% of the mean for each species.  
 
Residual endocranial volume 
Body size and endocranial volume were very closely correlated for both male (R2 
= 0.86, slope = 0.55) and female (R2 = 0.88, slope = 0.66) birds. REV ranged 
from -1.92 (Molothrus ater) to +1.83 (Agelaius tricolor) for males and -1.53 
(Molothrus rufoaxillaris) to +1.48 (Quiscalus lugubris) for females. REV 
measures are shown drawn onto a phylogenetic tree in Figure 1.  
 
Phylogenetic patterns of brain evolution 
Parsimony ancestral state reconstruction in Mesquite version 2.5 (Maddison and 
Maddison, 2008) was used to visualize the most likely pattern of change in REV 
volume within this clade (Fig. 1). We included three outgroup Icterus species in 
our reconstruction. It is important to note that for continuous measures, ancestral 
state reconstruction generally suggests that the ancestral value is the mean trait 
value of all extant species (Schluter et al., 1997). Some studies have attempted to 
overcome this issue by using a binary measure for brain size (positive (1) or 
negative (0) residuals; e.g. Perez-Barberia et al., 2007), but this would conceal a 
great deal of variation in our data. Thus, Figure 1 should be viewed as an 
illustrative tool rather than a robust evolutionary reconstruction. From visual 
inspection of this tree, we see that REV varies across the clade and is largely 
independent of phylogeny. However, the genus Molothrus appears to have had a 
reduction in REV as compared to the presumed ancestral values: All Molothrus 
species have negative REV values, with the exception of Molothrus oryzivora 
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males that showed an REV barely above zero (+0.005). It is also interesting to 
note that Agelaioides badius, which was previously considered a cowbird species 
(Molothrus badius) but is in fact not part of this clade, shows a positive REV. 
The most likely ancestral state of the grackles and allies on this reconstruction is 
a slightly negative REV compared to the average value for extant taxa, with 
some species’ REV increasing over time (e.g. Agelaius assimilis, Quiscalus 
lugubris), and others decreasing (e.g. Euphagus cyanocephalus, Molothrus 
bonariensis). In most parts of the tree there appear to be gradual changes in REV, 
though the large divergence between the Scarlet-headed blackbird 
(Amblyramphus holosericeus, REV +1.47 for males, +1.15 for females) and the 
Chopi blackbird (Gnorimopsar chopi, REV -0.83 for males, -1.52 for females) 
stands out as an abrupt change (Fig. 1).  
 
Niche measures 
There was no relationship between niche breadth and REV for either male (F2,29 
= 0.54, P = 0.47) or female (F2,26 = 0.28, P = 0.60) birds. Contrary to our 
prediction, there was a negative relationship between niche volume and REV in 
male birds (F2,29 = 6.70, P = 0.015). There was a trend in the same direction for 
female birds that failed to reach significance (F2,26 = 3.97, P = 0.06). Our niche 
measures were derived from a PCA-transformed niche space comprised of five 
PC-axes (i.e. dimensions), and we used each of these five component scores 
separately in the model. These component axes each have the potential to more 
closely reflect temperature or precipitation variability (data not shown). 
However, the results were consistent with those reported for overall niche 
measures: there was no relationship between any of these PC-axis scores and 
REV. There was no relationship between REV and our categorical measure of 
habitat breadth (t9 = -0.644, P = 0.538), nor was habitat breadth related either to 
niche breadth (t9 = 0.210, P = 0.838) or niche volume (t9 = 0.069, P = 0.946). 
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Migration 
There was no direct significant relationship between REV and migration within 
this clade (F2,29 = 2.26, P = 0.14; F2,26 = 0.38, P = 0.54), although migrants tended 
to have smaller REV (Fig. 2). However, migratory behaviour may play a role in 
the relationship between niche volume and REV. When migration is included as 
an additional predictor of REV in the model with niche volume, the explanatory 
power is somewhat reduced (R2 = 0.15 vs R2 = 0.17; F2,29 = 3.46, P = 0.05 vs. 
F2,29 = 6.70, P = 0.015). There were also highly significant, positive relationships 
between migration and both niche volume (F2,29 = 42.5, P < 0.0001) and niche 
breadth (F2,29=14.3, P < 0.001).  
 
Number of subspecies  
The number of subspecies per species ranged from 0 – 26. However, Agelaius 
phoeniceus was an outlier at the top end of the range (26 subspecies) with the 
remaining 29 species ranging from 0 – 7 (mean 1.9). We excluded Agelaius 
phoeniceus from our analyses and found that species with a larger number of 
recognized subspecies have greater niche volume (F2,28 = 4.58, P = 0.041) and 
niche breadth (F2,28 = 12.3, P = 0.002).  
 
Social measures  
There was no difference in REV related to breeding system (i.e. monogamous vs. 
polygynous) in either male or female birds (F2,25 = 1.32, P = 0.26; F2,21 = 0.64, P 
= 0.43). Social group size was not associated with REV in either male or female 
birds (F2,25 = 0.07, P = 0.78; F2,21 = 0.16, P = 0.69). Although Emery et al. (2007) 
found that cooperative breeding was associated with increased brain size across 
taxa, this does not appear to hold true for grackles and allies. Three species we 
studied have been recorded in the literature as likely cooperative breeders. Two 
of these had positive REV (Curaeus curaeus, Pseudoleistes guirahuro) and one 
had a negative REV (Gnorimopsar chopi). Brood parasitic species in this clade 
appear to follow the same trend as seen in cuckoos, and have significantly 
smaller REV than non-parasites (males: Z = -2.16, P = 0.031, N = 30; females: Z 
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= -2.10, P = 0.035, N = 27). All brood parasites belong to a single genus 
(Molothrus), and so the relationship is not phylogenetically independent and may 
simply be driven by common ancestry.  
 
Discussion  
In this study, we tested the hypothesis that species with greater relative brain size 
should have broader ecological niches. We found that increases in brain size 
were not associated with broader niches in the grackles and allies. Contrary to 
our predictions, there was no relationship between relative brain size and niche 
breadth, and there was a negative relationship between relative brain size and 
niche volume. We also tested several alternative hypotheses for changes in brain 
size in this clade, and found that: (1) migratory species have larger niche volume 
and also tend to have smaller brain size, (2) neither social group size nor 
breeding system are associated with brain size differences, and (3) brain size has 
decreased in Molothrus, a genus which molecular analysis suggests diverged 
early from the ancestors of the other clades. 
The Ecological Intelligence Hypothesis posits that animals with larger 
brains should have larger behavioural repertoires, be more flexible, and thus use 
a wider variety of resources (Changizi, 2003; Lefebvre et al., 2004; Milton, 1988; 
Ratcliffe et al., 2006). A major challenge in testing this hypothesis is finding 
appropriate measures of behavioural repertoire, flexibility, and breadth of 
resource use, as well as determining the relationship between these traits. Niche 
breadth appears to be a measure of ecological generalism that is distinct from 
categorical measures of habitat breadth, given that we found no relationship 
between them. Our finding that niche breadth is unrelated to residual brain size in 
the grackles and allies thus adds to the evidence that “generalism” is not a key 
trait associated with residual brain size (Bennett and Owens, 2002; Overington et 
al., 2009; Chapters 1 and 3). Although innovative species are habitat generalists 
(in North American birds, Chapter 1), this does not appear to be a result of the 
enhanced cognition associated with enlarged brain size.  
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We found that residual brain size was negatively correlated with niche 
volume. Niche volume represents the geographic projection of species niche onto 
the landscape. Thus, while niche breadth could be used to understand the range 
of (for example) temperature conditions in which a species could live, niche 
volume provides a measure of where these conditions are found in North and 
South America. Thus, species with smaller brain size do not occupy a greater 
range of environmental conditions (niche breadth), but they do live in conditions 
that are more widely distributed across the Americas (niche volume). In this 
context, the strong positive relationship between niche volume and migratory 
behaviour makes sense. The species in this clade are typically short or medium-
distance migrants and often remain within the area described as the breeding 
range—an area that may be geographically large without necessarily being 
environmentally diverse. Migratory species likely move around over a greater 
area than residents, and thus occupy a larger niche volume. Our results do not 
provide information on the direction of the relationship: migration may allow 
species to use habitat that occupies a large geographical area, or, conversely, the 
fact that a species’ habitat is spread over a large geographical area may increase 
the likelihood of short or medium-distance migration. The way in which these 
two variables are related to brain size is unclear. What we can conclude is that 
smaller brained species occupy a greater geographical range in the Americas, that 
these species are likely to be migrants (this was only a trend in our data, not a 
significant relationship), and that they may move around their range in order to 
track resources or more stable conditions at particular times of the year.  
Our finding that niche volume and number of subspecies are positively 
correlated with one another is consistent with previous work (e.g. Møller and 
Cuervo, 1998), and suggests that species occupying habitats that cover a larger 
geographical area may partition habitat, potentially leading to local specialization 
(and a smaller niche) for some populations. However, it is important to note that 
the biological definition of subspecies is contentious, and does not necessarily 
represent a uniform degree of divergence (Zink, 2004). A detailed study of the 
movements of individual birds and intraspecific variation in resource use would 
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be needed to properly assess the extent to which individuals move through the 
full range of environmental conditions.  
The direction of the relationship between migration and brain size is 
consistent with previous work demonstrating that migrants have smaller brains 
than residents (Sol et al., 2005b; Winkler et al., 2004). There are various 
arguments for why this is the case. For example, Sol et al. (2005b) studied the 
relationship between brain size and migration in Palearctic species, and 
suggested that residents have larger brains because they must adjust to changes in 
ecological conditions throughout the year, while migrants track resources. This 
argument is supported by their finding that resident species appear to use more 
innovative foraging behaviours in the winter than in the summer. On the other 
hand, Winkler et al. (2004) argued that migratory behaviour constrains brain size 
because the brain is a metabolically costly (and physically heavy) organ to 
maintain. This latter argument seems less likely given the recent results of Fuchs 
et al. (2010), who found that the brains of long-distance migrant passerine 
species were smaller because of a decrease in large association areas 
(mesopallium and nidopallium), accompanied by an increase in smaller visual 
(hyperpallium) and spatial (hippocampus) processing areas. Our results cannot 
distinguish between these hypotheses, though it should be noted that recent work 
suggests that larger-brained birds do not suffer metabolic costs (Isler and Van 
Schaik, 2009). In the present study, the enlarged niche volume of the migrants in 
the grackles and allies might suggest that they track resources in the environment 
instead of adjusting to changes through the year. However, many of the resident 
species in our group live in the tropics, and thus do not experience the same 
seasonality as the Palearctic species in the study of Sol et al. (2005).  
In addition to the physical environment, the social environment may play 
a role in shaping cognition. In mammals, sociality appears to be strongly linked 
to brain size (primates, ungulates, carnivores: Dunbar, 1995; Perez-Barberia et 
al., 2007; Shultz and Dunbar, 2006). There is currently no strong comparative 
support for the social intelligence hypothesis in birds. Our results are consistent 
with previous findings that brain size is unrelated to social group size 
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(Beauchamp and Fernandez-Juricic, 2004) or cooperative breeding (Iwaniuk and 
Arnold, 2004). However, Emery et al. (2007) recently found that species that live 
in medium-sized groups and are cooperative breeders have enlarged relative 
brain size. Although this result complements work demonstrating that some 
species that fit this criteria (namely, corvids) are capable of highly complex 
social behaviour such as deception and cooperation (Clayton et al., 2007; Seed et 
al., 2008), the comparative study of Emery et al. (2007) did not contain any 
correction for phylogeny. It is therefore possible that these patterns may be 
driven by the fact that some large-brained clades are social and breed 
cooperatively, rather than these traits being associated with multiple independent 
increases in brain size. On the other hand, the limitation may be one of methods: 
it is difficult to operationalize and quantify social complexity across species (e.g. 
Burish et al., 2004), and better data may yet uncover an important relationship 
between sociality and brain size in birds.  
Some breeding systems may place demands on social cognition; studies 
comparing monogamous and polygynous breeders have uncovered differences in 
brain size between these two groups (Bennett and Harvey, 1985). However, this 
does not appear to be the case for the grackles and allies. Instead, brood 
parasitism may be linked to changes in brain size in this clade—more 
specifically, to the decreased brain size observed in the genus Molothrus. Our 
results alone are not enough to draw any conclusions on the factors associated 
with decreased brain size in Molothrus because we cannot separate the effects of 
phylogeny from ecology and life history. However, research in cuckoos has 
found that brood parasitic species have reduced brain size as compared to others 
in the family (Boerner and Kruger, 2008; Iwaniuk, 2004) and ongoing work in 
the Piciformes has found that the family that exhibits brood parasitic behaviour 
(the honeyguides, Indicatoridae) has much smaller brain size compared to other 
families in the order (Iwaniuk et al., 2009). Together with our findings, these 
results suggest that there may be a trend toward reduced brain size in brood 
parasites across a wide range of taxa. This could be driven by a number of 
factors, such as the need for brood parasitic nestlings to develop more quickly 
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than their host species and to have the necessary motor skills to outcompete host 
nestlings (Iwaniuk, 2004). Given that developmental mode is one of the strongest 
predictors of relative brain size (Iwaniuk and Nelson, 2003), a reduced 
developmental period could act as a constraint on brain size. In addition, 
Molothrus adults never care for their young, which would alleviate the potential 
cognitive demands of parental care.  
We did not find any significant differences in residual endocranial 
volume between the sexes: in this clade, species with large-brained females also 
have large-brained males. This finding supports the standard practice among 
comparative studies of brain size to pool data from males and females for a given 
species.  
 The Icteridae family has served as a model system for understanding 
ecology, evolution, and behaviour in birds (Lanyon and Omland, 1999).  
Here, we integrated new data on cognition (using a neural correlate, residual 
endocranial volume) with existing ecological and behavioural data for one 
Icteridae clade, and our findings point to potentially interesting avenues for 
future work. In particular, it would be valuable to look more closely at niche 
models to understand what they mean for individuals within a species (i.e. to 
what degree do all individuals experience the full niche described by the model), 
how they are related to other measures of resource use, and the role that 
cognition plays in these finer details of interspecific variation in ecology and 
behaviour.   
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Figures 
Figure 1 (A) 
 
 
 
 99 
(B)
 
Figure 1. Parsimony ancestral state reconstruction of residual endocranial 
volume across the grackles and allies (and three Icterus outgroup species) for 
male birds (A) and female birds (B). A positive residual endocranial volume 
represents an endocranial volume that is larger than expected given the slope of 
the allometric relationship between endocranial volume and body mass in this 
clade.  
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(B) 
 
Figure 2. The relationship between (A) niche breadth and (B) niche volume with 
residual endocranial volume for male birds of migratory species (filled circles) 
and non-migratory species (open circles). Although the raw data are shown here, 
the relationship was significant and negative after phylogenetic correction, and 
phylogenetic corrections were used in all analyses. 
-2.5 
-2 
-1.5 
-1 
-0.5 
0 
0.5 
1 
1.5 
2 
2.5 
M
al
e 
R
es
id
ua
l E
nd
oc
ra
ni
al
 V
ol
um
e 
Niche Breadth 
-2.5 
-2 
-1.5 
-1 
-0.5 
0 
0.5 
1 
1.5 
2 
2.5 
M
al
e 
R
es
id
ua
l E
nd
oc
ra
ni
al
 V
ol
um
e 
Niche Volume 
 101 
Connecting Statement 
 
In Chapters 1 and 2, I tested the hypothesis that cognitive complexity is 
positively associated with ecological generalism. In these chapters, I used a 
behavioural measure (foraging innovation) and a neural correlate (residual brain 
size) of cognitive complexity. In Chapter 1, I found that innovation rate, but not 
residual brain size, was positively correlated with habitat generalism. Diet 
breadth was not associated with either innovation rate or residual brain size. 
In Chapter 3, I examine the relationship between these last two measures in 
greater detail and test another dietary correlate of innovativeness, the number of 
new foods incorporated into the feeding repertoire.  
Although much of the variation in ecological generalism is found 
between species in the same family, the greatest variation in innovation rate and 
residual brain size occurs at deeper divergences in the avian phylogenetic tree. In 
the next chapter, I therefore focus on variation in innovation rate and residual 
brain size at the family level. 
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Abstract 
The hypothesis that large brains allow animals to produce novel behaviour 
patterns is supported by the correlation between brain size, corrected for body 
size, and the frequency of foraging innovations reported in the literature for both 
birds and primates. In birds, foraging innovations have been observed in over 
800 species, and include behaviours that range from eating a novel food to using 
tools. Previous comparative studies have quantified innovativeness by summing 
all reports of innovative behaviour, regardless of the nature of the innovation. 
Here, we use the variety of foraging innovations recorded for birds to see which 
of two classic hypotheses best accounts for the relationship between 
innovativeness and brain size: the technical intelligence hypothesis or the 
opportunistic-generalism intelligence hypothesis. We classified 2182 innovation 
cases into 12 categories to quantify the diversity of innovations performed by 
each of 76 avian families. We found that families with larger brains had a greater 
repertoire of innovations, and that innovation diversity was a stronger predictor 
of residual brain size than was total number of innovations. Furthermore, the 
diversity of technical innovations displayed by bird families was a much better 
predictor of residual brain size than was the number of food type innovations, 
providing support for the technical intelligence hypothesis. Our results suggest 
that the cognitive capacity required to perform a wide variety of novel foraging 
techniques underpins the positive relationship between innovativeness and brain 
size in birds.  
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Introduction 
Some species have much larger brains than would be expected given their body 
size (e.g. New Caledonian crows, Corvus moneduloides: Cnotka et al., 2008), 
while others have much smaller ones (e.g. Northern bobwhite, Colinus 
virginianus: Striedter and Charvet, 2008). Various researchers have suggested 
that large brains have been naturally selected because they increase an 
individual’s capacity to process information about social companions (Dunbar, 
1998), prey that are numerous or difficult to track in space and time (Eisenberg 
and Wilson, 1978), prey that are difficult to catch and handle (Milton, 1988), or 
variable environmental conditions (Schuck-Paim et al., 2008). It has also been 
suggested that increased brain size allows for a larger behavioural repertoire 
(Changizi, 2003), or one that is more flexible (Ratcliffe et al., 2006) or 
technically complex (Lefebvre et al., 2002). Enlarged brains might even be 
sexually selected if they enhance an animal’s capacity to produce elaborate mate 
choice cues, such as in the case of bowers (Madden, 2001), or if courting signals 
such as song correlate positively with learning abilities in other domains 
(DeVoogd, 2004; Boogert et al., 2008).  
 The presumed advantages provided by the ability to invent novel 
behavioural solutions have been suggested as an evolutionary force driving 
encephalization (Lefebvre et al., 2004, 2006; Lefebvre and, Sol 2008). One 
approach that has proven useful in obtaining an operational measure of 
innovativeness is the systematic collection of field notes of previously unreported 
feeding behaviours. There is a strong tradition of such reports in ornithology, 
with entire sections of major journals (e.g. the “behaviour notes” section of 
British Birds) being devoted to them. Since 1997, thousands of such reports 
(termed “innovations”: Wyles et al., 1983; Kummer and Goodall 1985) have 
been collated in birds (Lefebvre et al., 1997) and primates (Reader and Laland, 
2002), yielding robust taxonomic differences that are correlated with residual 
brain size. However, little is known about the psychological processes underlying 
innovation (Clayton, 2004), and the factors underlying the relationship between 
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innovation and brain size are unclear (Lefebvre and Bolhuis, 2003; Healy and 
Rowe, 2007). 
 Here, we examine the relationship between innovation and brain size in 
the context of two classical hypotheses on the evolution of cognition: the 
technical intelligence hypothesis, which proposes that the cognitive demands of 
technical skills such as tool use underlie the evolution of increased brain size 
(Parker and Gibson, 1977; Byrne, 1997; Huber and Gajdon, 2006), and the 
opportunistic-generalist hypothesis, which suggests that a generalist lifestyle, 
especially in the feeding domain, should favour an enhanced learning capacity 
(Daly et al., 1982; Domjan and Galef, 1983; Schuck-Paim et al., 2008). Both of 
these hypotheses emphasize the relationship between ecological challenges and 
changes in brain size across taxa. We attempted to disentangle these hypotheses 
by assigning 2182 reports of innovative behaviour (collected from a variety of 
ornithological journals; see Methods) to one of 12 categories depending on the 
type of novel feeding behaviour shown. We then examined the total diversity of 
innovative behaviour for 76 avian families. We further examined the number and 
diversity of technical innovations and the number and diversity of food-type 
innovations, and we tested the relative contribution of each of these types of 
innovation in explaining differences in brain size between avian families.  
Adaptive correlates of size differences in the brain have been identified at 
two anatomical levels (summary and critical review in Healy and Rowe, 2007): 
specialized local centres (e.g. HVC for song: DeVoogd et al., 1993; hippocampus 
for spatial memory: Sherry et al., 1989; Lucas et al., 2004) and broad areas 
controlling multiple processes (e.g. mammalian cortex, avian pallium and insect 
mushroom bodies: Timmermans et al., 2001; Reader and Laland, 2002; Farris 
and Roberts, 2005; Perez-Barbiera et al., 2007; telencephalon: DeVoogd 2004; 
whole brain: Sol et al., 2005, 2007; Ratcliffe et al., 2006). Given that we tested 
evolutionary predictions for a behaviour (innovation) that is by definition 
unspecialized and part of domain-general cognition (Chiappe and MacDonald 
2005), we focus here on the broad level of the whole brain. Many of the 
assumptions required for evolutionary tests have recently been verified at these 
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broad neuronanatomical levels: differences in the whole brain and telencephalon 
size are heritable (Bartley et al., 1997; Airey et al., 2000), they are associated 
with differences in survival (Sol et al., 2005, 2007, 2009) and they closely reflect 
differences in total neuron numbers (Herculano-Houzel et al., 2006, 2007). 
Genes affecting multiple neural networks (Green et al., 2009) and whole brain 
size (Evans et al., 2005; Mekel-Bobrov et al., 2005) as well as developmental 
schedules of embryonic neurogenesis leading to differences in the whole 
telencephalon (Streidter and Charvet, 2008, 2009) and cortex (Chenn and Walsh, 
2002) have been identified. Variation in innovation rate is positively correlated 
with variation in tool use, reversal learning speed and, in primates, social 
learning (Lefebvre et al., 2004), empirically supporting Chiappe and 
MacDonald's (2005) logical argument that innovativeness is part of domain-
general intelligence. Imaging studies reveal distributed networks of centres in 
many parts of the brain that are active during tasks such as tool use (Obayashi et 
al., 2001; Lewis, 2006), reversal learning (Watanabe, 2001; Cools et al., 2002, 
2005) and measures of fluid intelligence (and genetic polymorphism: Bishop et 
al., 2008). Finally, in birds and primates, taxonomic variance in allometrically 
corrected whole brain size is mostly driven by changes in higher centres 
(Rehkämper and Zilles, 1991; Rehkämper et al., 1991), suggesting that cognitive 
processes like innovation and learning have been important in the evolution of 
encephalization. For example, variance in the residual size of the primate cortex 
and avian pallium predicts 98% of the variance in residual size of the whole brain 
(Lefebvre and Sol, 2008). For all these reasons, we concentrated on 
allometrically corrected whole brain size as the most appropriate anatomical 
level to test our hypotheses.   
 
Methods 
Taxonomic Level of the Study 
We focused on variation in innovative behaviour at the family level. 
Diversification of many avian life-history traits appears to have occurred prior to 
the emergence of modern families (Bennett and Owens, 2002). This is also the 
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case for brain size, which varies most at the level of the parvorder, a divergence 
even deeper than the family (Lefebvre et al., 2006). It has been argued that when 
variance in a trait is greatest among ancient lineages, focusing on more recently 
diverged clades may conceal important patterns (Owens, 2002), and it is 
therefore useful to test hypotheses at a variety of phylogenetic levels to 
determine when selective pressures were strongest. Studies of brain size have 
thus focused on both species-level (Iwaniuk and Nelson, 2003; Iwaniuk and 
Arnold, 2004) and family-level (Owens, 2002; Morand-Ferron et al., 2007; Sol 
and Price, 2008) comparisons, depending on the question at hand. A primary 
goal of our study was to quantify the diversity of innovative behaviours for each 
clade. Although our innovation database was large, there are species for which 
we had only one innovation record. By moving to a higher taxonomic level we 
had a larger number and variety of innovation records per taxon, which allowed 
us to make meaningful comparisons between groups. 
 
Classifying the Innovation Database 
Our behavioural data were drawn from the innovation database of Lefebvre et al., 
(1997, 1998). This database currently contains 2182 innovation reports for 803 
species in 76 families, compiled from volumes of 64 ornithology journals 
published between 1944 and 2002. These journals include academic serials (e.g. 
Auk, British Birds, Ibis, Emu) as well publications that are edited by local birding 
organizations (e.g. Florida Field Naturalist, Nebraska Bird Review). We 
excluded from our analyses taxa for which there were no innovation reports. 
Reports are included in the database if they contain words such as “novel”, 
“opportunistic”, “first description”, “not noted before” and “unusual” (Lefebvre 
et al., 1997). Although the degree to which the noted behaviour is a departure 
from the species’ repertoire may vary, the strength of this database is that it relies 
on the knowledge of journal authors and editors. All of the reports, and the claim 
of novelty they contain, have been subject to peer review. Each innovation report 
contains information on the location of the observation, the species observed, and 
other anecdotal details of the event. We classified the innovation reports into 12 
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categories (Table 1). These categories emerged after extensive reading of the 
reports in the database by JM-F and SEO. To avoid experimenter bias, we based 
our classifications strictly on the wording used in the report, using the component 
of the behaviour that was noted as being novel by the author of the original short 
note. Final classifications (JM-F) were made blind to the identity of the species 
mentioned in the reports. Intraobserver classification was highly consistent (190 
correct classifications out of 201 randomly chosen cases; 94.5%), as was 
interobserver classification (136 out of 150 randomly chosen cases, 93.3%). A 
summary of innovations for each species and family in our data set is included in 
Appendix 1 of this thesis. 
 To tease apart the technical and opportunistic-generalist hypotheses, we 
classified all reports as “technical” or “food type” innovations. Technical 
innovations were obtained by lumping cases in categories 4–11: novel technique, 
novel technique in an anthropogenic context, novel parasitic behaviour, novel 
commensal behaviour, novel mutualistic behaviour, novel proto-tool behaviour, 
novel true tool behaviour and novel caching behaviour. These categories refer to 
reports where the author described the foraging technique itself as novel, 
regardless of whether the food type was novel or not (e.g. Cetti’s warbler, Cettia 
cetti, catching insects in mid-air like a flycatcher: Hill, 1993). Food type 
innovations involved a novel food item, but no departure from the usual foraging 
techniques of the species (e.g. Wilson’s storm-petrels, Oceanites oceanicus, 
feeding on decaying whale fat: Payne et al., 1983). This included categories 1, 2 
and 3: novel food item, novel food item taken in an opportunistic manner and 
novel anthropogenic item. Innovations in category 12 (unusual habitat or time of 
day) were excluded from this analysis.  
 To correct our measures for the fact that more intensely studied species 
inevitably have more innovation reports, we regressed each of the log-
transformed innovation measures against log-transformed research effort. 
Research effort is defined as the number of scientific papers published on a given 
taxon according to Zoological Records’ web index (1978–2004). This index 
covers all the types of journals from which our innovation database is collated. 
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There is a strong relationship between the frequency of innovation reports and 
research effort in our data set (R2 = 0.75). Previous work (Lefebvre et al., 2001; 
Morand-Ferron et al., 2007) has also shown that research effort is highly 
correlated with species number per taxon and taxonomic distribution of photos in 
birding magazines (R2 = 0.688–0.889). Because of these correlations, regressing 
innovation frequency or diversity against research effort also controls for 
speciosity and differential interest by birdwatchers. We used the Studentized 
residuals of the innovation-research effort regressions as the predictor variables 
in the models with residual brain size as the response variable.  
 
Brain Size Information 
We had data for brains of 1714 species from 76 families, which comprised both 
directly measured brain mass and endocranial volumes converted to mass (as 
described in Mlikovsky, 1989a, b, c, 1990; DeVoogd et al., 1993; Székely et al., 
1996; Garamszegi et al., 2002; Iwaniuk and Nelson, 2002; Iwaniuk, 2003; Sol et 
al., 2005a). These data represent mean values of male and female specimens. To 
remove the allometric effect of body size on brain mass (Bennett and Harvey, 
1985), we averaged brain volumes and body masses within each family and 
calculated the residuals from a log–log linear regression of the mean body size 
and brain size of species for each family. We used the mean brain and body 
values for each family in our calculation of residual brain size, not the mean of 
residuals calculated on each species’ brain and body, because some families were 
more speciose than others, and this could bias the slope of the regression line.  
 To confirm that our results were not due to error introduced by combining 
data from multiple sources (Healy and Rowe, 2007), we repeated all of our 
analyses using a subset of the data taken from a single source collected by the 
same individual using the same method, measurement of endocranial volume 
(Iwaniuk, 2003). Brain size measures obtained with this method yielded 0.99 
correlations with data on fresh brains (Iwaniuk and Nelson, 2002a) and were not 
influenced by potential errors related to freezing, dessication or perfusion that 
can affect fresh brains (Healy and Rowe, 2007). Conclusions were identical 
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whether we used the restricted endocast data (1197 species) or the larger data set 
(1714 species). To use the broadest possible sample of species and families, we 
present results only from our larger data set. 
 
Phylogenetic Information  
Our models did not always reveal a strong phylogenetic signal. When this occurs, 
there is ongoing debate as to whether phylogenetic correction may actually 
render analyses too conservative and lead to type II error (Kunin, 2008). Indeed, 
when we performed analyses without phylogenetic corrections, effect sizes were 
much larger. Nevertheless, we took evolutionary history into account by 
constructing a phylogenetic tree in Mesquite (Maddison and Maddison 2009) for 
the 76 families in our study using the branch lengths based on DNA–DNA 
hybridization in Sibley and Ahlquist (1990). The phylogenetic hypothesis of 
Sibley and Ahlquist continues to be used in comparative studies of birds because 
it provides the most complete tree available in which a single technique is used to 
determine the relationships between species. However, more recent studies 
(Barker et al., 2004; Davis, 2008; Hackett et al., 2008) suggest that some of the 
higher-level relationships presented in Sibley and Ahlquist may not be robust. On 
the other hand, these studies did not provide enough information to reliably place 
all of the species and families in our data set. We therefore modified our 
phylogenetic hypothesis based on several major changes suggested by the 
phylogenomic study of bird groups by Hackett et al., (2008): placement of 
Psittaciformes as a sister group to Passeriformes; Falconidae as sister to these 
two, and Piciformes nested within Ciconiiformes. We repeated all of our 
analyses using this modified tree (with proportional branch lengths) to reflect 
these changes; our conclusions were again identical when we used the Sibley and 
Ahlquist phylogeny and the one that incorporated the recent changes suggested 
by Hackett et al. (2008). Our results were unchanged when we repeated our 
analses with this revised phylogeny, consistent with the fact that the phylogenetic 
signal in the data was weak. We therefore report only the analyses based on 
Sibley and Ahlquist (1990).  
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Confounding Variables 
We included several variables that may confound the relationship between 
innovation and brain size. Juvenile development mode is strongly associated with 
brain size, with altricial species having relatively larger brains than precocial 
species (Iwaniuk and Nelson, 2003). We also included habitat and diet 
generalism, which could influence the number and diversity of innovations 
recorded for a family. We took these measures from Bennett and Owens (2002), 
where habitat generalism was quantified using a three-category scale, with higher 
numbers indicating a greater diversity of breeding habitats used. The feeding 
generalism scale was the opposite, with higher numbers indicating greater 
specialization. Juvenile development was recorded as precocial, semiprecocial, 
semialtricial or altricial. Family-level values were calculated using the mode of 
all species within the family for which relevant data were available (see Owens 
et al., 1999; Bennett and Owens 2002).  
 
Statistical Analyses 
We used phylogenetic generalized least squares (PGLS) to estimate the strength 
of the phylogenetic signal (λ) in the data from the 76 bird families in our 
database. Lambda may vary from 0 (phylogenetic independence) to 1 (traits 
evolve according to Brownian motion on the given phylogeny; Freckleton et al., 
2002). PGLS fits a statistical model to the data using generalized least squares, 
while altering the covariance structure of the error terms to reflect the 
phylogenetic distance between families. We ran all models in R 2.8.1 (R 
Development Core Team 2008), using the Analysis of Phylogenetics and 
Evolution (APE) package (Paradis et al., 2004) and codes kindly provided by R. 
Freckleton and R. P. Duncan. We checked the diagnostic plots of each model for 
curvature, non-normality of errors, heteroscedasticity and outliers (Crawley 
2007).  
 In each of our PGLS models, we treated residual brain size (corrected for 
body size) as the response variable, and innovation rate (corrected for research 
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effort; see below) as the predictor variable. We used this model structure to 
facilitate comparison between model fits, not to imply causality. In comparing 
models, we examined (1) the total amount of variance in brain size explained by 
the model (R2); (2) the significance of each innovation measure as a predictor of 
residual brain size (P value) and (3) the model fit (Akaike’s Information 
Criterion, AIC). AIC is a measure of the penalized log-likelihood of the model, 
and a smaller AIC indicates a better model fit (Crawley 2007). We ran our 
analyses using residual brain size as the response variable rather than brain size 
with body size included as an independent variable, because our aim was to 
understand how different measures of innovation contribute to the relationship 
between innovation and residual brain size across families. This information is 
harder to extract when brain size is the response variable and body size is 
included as a predictor. However, residual analyses may lead to overconservative 
results and thus an inflation of type II error (Darlington and Smulders, 2001). We 
therefore ran all of our analyses with brain size (log-transformed) as the response 
variable and body size (log-transformed) included as one of the predictor 
variables. All of our results were consistent with those presented here, though the 
P values were lower for our predictor variables in some cases when body size 
was included as predictor. We present all of our results using residual brain size, 
because this facilitates comparison between measures.  
   
Results 
Taxonomic Distribution of Innovation Categories and Diversity 
Of the 2182 reported cases of innovation included in the database, the most 
common type of innovation was eating a novel food item (category 1; Fig. 1); 58 
of 76 families (76%) had at least one innovation report of this type. The least 
common type of innovation was novel true tool use (category 10), which was 
observed in only seven families (9%). Innovation diversity ranged from 1 to 12 
categories per family (median = 4). Fourteen families (18%) innovated in only 
one of our categories, most often with novel food type innovations (category 1; 
e.g. Coccyzidae (cuckoos), Otididae (bustards) and Gaviidae (loons)). Families 
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showing the most diverse innovation repertoires were Corvidae (corvids), 
Accipitridae (birds of prey), Muscicapidae (flycatchers) and Laridae (gulls) with 
12, 12, 11 and 11 innovation categories, respectively (see Appendix 1 of this 
thesis for a summary of innovations for each species and family).  
 
Innovation Rate versus Innovation Diversity 
Although both innovation measures were significantly associated with residual 
brain size, innovation diversity (Fig. 2) was a slightly better predictor of residual 
brain size than was the total number of innovations (both corrected for research 
effort; Table 2): residual innovation diversity explained 8.67 % of the variance in 
residual brain size, while residual innovation rate explained 7.28 % (models 1 
and 2; Table 2).  
 The relationship between innovation diversity and residual brain size did 
not seem to be due to a potential type I error in innovation classification: when 
we excluded cases where a family scored in a category because of a single 
innovation report in that category (which reduced the innovation diversity score 
by 1 for N = 24 families, by 2 for N = 30 families, by 3 for N = 4 families, by 4 
for N = 8 families, by 5 for N = 2 families and by 6 for N = 1 family), the 
relationship between innovation diversity and residual brain size remained 
significant (F2,76 = 9.567, P = 0.015).  
 We repeated these analyses of total number of innovations and innovation 
diversity including three potentially confounding variables for the 55 families for 
which we had data. Juvenile development mode was a strong predictor of 
residual brain size across families. Habitat generalism was not a significant 
predictor in any analyses, while diet generalism was close to the traditional 
threshold for significance in some cases (Table 3). The inclusion of these 
variables did not negate the relationship between total number of innovations and 
residual brain size, or innovation diversity and residual brain size, which 
remained strong even when the data set was reduced to 55 families (models 4 and 
5; Table 3).  
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Technical Innovations and Food Type Innovations 
Both the number of technical innovations (categories 4–11, corrected for 
research effort) and the number of food type innovations per family (categories 
1, 2 and 3, corrected for research effort) were significantly associated with 
residual brain size (models 3 and 4; Table 2). However, the number of technical 
innovations per family explained much more of the variance in residual brain 
size (10.22%) than did the number of food type innovations (2.99%; models 3 
and 4; Table 2), despite the fact that food type innovations made up 50.8% of the 
innovation reports in our database. Moreover, in a multivariate model including 
both variables, only the number of technical innovations significantly predicted 
residual brain size (both variables corrected for research effort; food type 
innovations: F3,76 = 0.008, P = 0.994; technical innovations: F3,76 = 2.43, P = 
0.017).  The diversity of technical innovations (i.e. number of technical 
innovation categories) was associated with larger residual brain size (F2,76 = 
11.42, P =  0.001; model 5; Table 2, Fig. 3) and was the measure that explained 
the greatest proportion of variance in residual brain size (13.36%). The diversity 
of food type innovations was not significantly associated with residual brain size 
(F2,76 = 0.05, P = 0.82; model 6; Table 2). 
 We repeated all of these analyses for 55 families with the inclusion of 
potentially confounding variables: juvenile development mode, as well as habitat 
and food generalism. In all analyses, juvenile development mode was a strong 
predictor of residual brain size, while habitat generalism was not (Table 3). Diet 
generalism was a significant predictor when included in the analysis of number 
of food type innovations (model 12; Table 3), and was not significant in other 
analyses (models 9, 10 and 11; Table 3). The inclusion of these variables 
weakened the relationship between the diversity of food type innovations and 
residual brain size, such that it failed to reach significance at the 0.05 level 
(model 12; Table 3). However, the number and diversity of technical innovations 
remained significant predictors of residual brain size in all analyses, even in this 
data set of only 55 families. These models explained 25–40% of the variance in 
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residual brain size across families (Table 3). Figure 4 illustrates the taxonomic 
distribution of the diversity of technical innovations in our sample.  
   
Discussion 
In this study, we teased apart several factors that contribute to the positive 
relationship between innovation rate and residual brain size, and reached two 
major conclusions.  
 First, we found that residual brain size was positively correlated with both 
the total number of innovations and the diversity of innovations for a given 
family. This demonstrates that the positive relationship between innovation and 
residual brain size is not driven by only a few families repeating similar 
innovations that are observed multiple times, but instead represents a strong 
relationship between expansion of the behavioural repertoire and residual brain 
size.  
 Second, we found that technical innovations were the best predictor of 
residual brain size. Overall, the number of novel feeding techniques observed in 
a given family explained more of the variance in brain size than did the number 
of food type innovations, and the diversity of technical innovations performed by 
a given family explained the greatest proportion of variance in brain size of all of 
the innovation measures used in our analyses. 
 Previous work has highlighted the relationship between enlarged brain 
size and technical skills such as tool use in birds (Lefebvre et al., 2002; Cnotka et 
al., 2008). Our results support and expand the technical intelligence hypothesis, 
suggesting that increased brain size allows individuals to use innovation to 
modify their technical skills. In this study, we did not restrict our definition of 
technical skills to tool use. Instead, we included a range of behaviours in which 
individuals used novel techniques to capture food items (e.g. activating an 
automatic sensor to open a door, bait-fishing and kleptoparasitism; Table 1). It 
has been argued that tool use, defined as using an object that is detached from the 
self and the substrate (Parker and Gibson, 1977), may be less common in birds 
than would be expected because the beak may function as a readily available 
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“Swiss-Army knife” (Huber and Gajdon, 2006). Indeed, non-tool-using species 
of birds are able to solve complex physical tasks in laboratory settings (Tebbich 
et al., 2007), and even tool-using species may only use tools when the ecological 
conditions are appropriate (Tebbich et al., 2002). Our broader definition of 
technical intelligence may therefore be more generally applicable for studies of 
cognition in birds.  
 Although technical innovations explain a greater proportion of variance 
in residual brain size than do food type innovations, larger-brained families also 
had a greater number of food type innovations than smaller-brained families. In 
addition, feeding generalism emerged as a significant predictor of residual brain 
size in some analyses. Taken together, this suggests that larger-brained families 
tend to eat a wider variety of foods, which may appear to support the 
opportunistic-generalist hypothesis. The ability to innovate is thought to allow 
individuals to adjust their behaviour as environmental conditions change, such as 
when introduced to new habitats (Sol et al., 2005). In this case, a willingness to 
sample new foods and the ability to learn about the palatability of these new food 
items may be important. For example, newly invading populations of house 
sparrows, Passer domesticus, are less fearful of novelty than are established 
populations (Martin and Fitzgerald, 2005).  
However, in a multivariate model including technical and food type 
innovations, the number of food type innovations was not a significant predictor 
of residual brain size. Furthermore, the diversity of food type innovations was 
not significantly associated with brain size. The weak relationship between food 
type innovations and residual brain size suggests that the opportunistic-generalist 
hypothesis for the evolution of large brains does not provide a sufficient 
explanation for the variation in brain size in birds. Although larger-brained, 
innovative species may be more likely to incorporate novel foods into their diets, 
and although this ability may be ecologically important, our results suggest that 
the relationship between innovativeness and brain size is primarily driven by 
technical innovations.  
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 Little is known about the psychological processes underlying animal 
innovation (Clayton, 2004), or whether innovation is a “unitary phenomenon” 
(Reader and Laland, 2003). In a recent theoretical paper, Ramsey et al. (2007) 
suggested that innovations might range from being “weak” to “strong”. The 
authors separated weak from strong innovations based on frequency (strong 
innovations should be more rare), novelty (strong innovations should be more 
novel) and the amount of cognition involved (strong innovations should require 
more cognition). While this may be intuitively appealing, these measures are 
difficult to operationalize across taxa (Giraldeau et al., 2007). For example, to 
compare the novelty of two innovative behaviours, one would have to dissect the 
behaviour into its motor and psychological components and compare these 
components with existing behavioural patterns. The behaviours described in 
foraging innovation reports may indeed vary in the degree to which they are true 
departures from the species repertoire. For example a great tit, Parus major, 
opening a milk bottle (Fisher and Hinde, 1949) might apply an existing 
behavioural pattern to a novel object (Sherry and Galef, 1984), whereas a 
European blackbird, Turdus merula, using a twig to push off snow (Priddey, 
1977) may be using an entirely different set of motor skills than those used 
during other types of foraging. Using our innovation categories, we obtained an 
operational definition of different types of innovation based on the wording in 
the original reports, and found that our distinction was supported by another 
measure of cognition, residual brain size. Our results suggest that innovations 
involving novel techniques require a greater cognitive capacity than do non-
technical innovations. This is consistent with studies of problem-solving ability 
in captive birds, wherein large-brained birds are able to spontaneously solve 
novel tasks that may require very specific technical skills unlike those they use in 
the wild (Webster and Lefebvre, 2001; Heinrich and Bugnyar, 2005; Biondi et 
al., 2008). However, our results are merely suggestive, and more studies of the 
processes involved in innovation are needed.  
 Our results demonstrate that larger-brained species perform a wider 
variety of innovative behaviour, but we can only speculate on the factors driving 
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this relationship. Selection for increased behavioural flexibility may have driven 
accompanying changes in brain size. Alternatively, selection for large brain size, 
driven by another unexamined factor, may be accompanied by an increase in 
behavioural flexibility. That is, innovativeness may be a “spandrel”—a by-
product of selection for other cognitive abilities (Gould and Lewontin, 1979). 
Measures of cognition are often correlated with one another (Lefebvre et al., 
2004), suggesting that selection may act on some measure of general intelligence 
rather than on innovativeness per se. Furthermore, the performance of novel 
behaviour patterns probably depends not only on the “innovativeness” of the 
species, but also on morphology and motor abilities, habitat, as well as other 
environmental and social variables. In this study, we have attempted to capture 
some of this variation by including confounding variables in our final analyses. 
These analyses suggest that the ability to expand the behavioural repertoire is 
correlated with increased brain size. The next step should be to use experimental 
approaches to better understand the psychological and neural processes 
underlying the production of novel behaviour patterns (Clayton, 2004), and to 
determine whether these processes are distinct from those involved in other 
forms of learning.  
 Recent comparative studies of brain size have operationalized 
behavioural flexibility in two ways. Some studies have considered the variety of 
behaviour within a species’ repertoire, such as the number of foraging modes 
used by bats (Ratcliffe et al., 2006), or the number of different behaviours 
recorded in an ethogram for mammals (Changizi, 2003). Others, including the 
present study, focus on the degree to which a given species deviates from its 
behavioural repertoire through innovation (Lefebvre et al., 1997, 1998; 
Garamszegi et al., 2007; Sol et al., 2007). The results of these studies, in 
combination with our own, suggest that large brains are associated with increased  
diversity and plasticity of behaviour in animals.  
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Tables and Figures 
Table 1. Each of the innovation reports from our database was classified into one 
of the 12 categories as listed below; an example is given for each category 
       
Innovation category Example Source 
(1) Novel food item: species 
observed eating a food item that 
had not previously been recorded 
in its diet 
Killdeer, Charadrius vociferous, 
preying on live frog 
Schardien and Jackson 
1982 
(2) Novel food item taken in 
opportunistic manner: as in 
category (1), but a change in the 
environment preceding the event 
was noted 
Purple finch, Carpodacus 
purpureus, feeding on an ant swarm 
 
Harlow 1971 
(3) Novel anthropogenic food 
item 
Bonaparte’s gull, Larus 
philadelphia, feeding on walnut 
meal 
 
Frohling 1967 
(4) Novel foraging technique in 
an urban environment 
House sparrow, Passer domesticus, 
using automatic sensor to open bus 
station door 
 
Breitwisch & Breitwisch 
1991 
(5) Novel predatory technique Northwestern crows, Corvus 
caurinus, fishing for sandlance by 
digging in the sand at low tide  
 
Robinette and Ha 1997 
(6) Novel parasitic technique Galapagos mockingbird, Nesomimus 
parvulus, pecks food from sea lion’s 
mouth 
 
Trimble 1976 
(7) Novel commensal foraging Cattle egret, Bubulcus ibis, feeding 
in association with a black bear 
 
Smith 1985 
(8) Novel mutualistic foraging Great egret, Ardea alba, using leap-
frog prey flushing technique with 
Cattle egret, Bubulcus ibis 
 
Wiese & Crawford 1974 
(9) Novel proto-tool use * Herring gull, Larus argentatus, 
catching small rabbits and killing 
them by dropping them on rocks or 
drowning them  
Young 1987 
(10) Novel true tool use * Green jays, Cynaocorax yncas, 
using twigs as probes and levers  
 
Gayou 1982 
(11) Novel caching technique Gila woodpecker, Melanerpes 
uropygialis, a nonstoring species, 
stores acorns 
 
MacRoberts and 
MacRoberts 1985 
(12) Unusual habitat or time of 
day 
Lapwings, Vanellus vanellus, 
feeding in an estuary 
Mason and MacDonald 
1999 
*True tool use included cases where the tool item was held in the bird’s bill or feet, and proto-
tool use included cases where the tool item was not detached from the substrate, following Parker 
and Gibson (1977).  
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Table 2. PGLS models of residual brain size (corrected for body size) as a 
function of different innovation measures 
 
 
* Corrected for research effort. 
Model Predictor variable* Slope±SE λ  df F P R2 AIC 
1 Innovation diversity 0.258±0.10 1 2, 76 7.03 0.010 0.087 196.16 
2 Total number of 
innovations 
0.230±0.10 1 2, 76 5.81 0.018 0.073 197.31 
3 Number of 
technical 
innovations 
(categories 4, 5, 6, 
7, 8, 9, 10, 11) 
0.262±0.09 1 2, 76 8.43 0.005 0.102 194.86 
4 Number of food 
type innovations 
(categories 1, 2, 3) 
0.149±0.10 1 2, 76 2.28 0.135 0.030 200.75 
5 Diversity of 
technical 
innovations 
0.296±0.09 1 2, 76 11.42 0.001 0.134 192.15 
6 Diversity of food 
type  innovations 
-
0.025±0.11 
1 2, 76 0.05 0.824 <0.001 203.01 
Table 3. PGLS models of residual brain size (corrected for body size) as a 
function of different innovation measures with confounding variables included 
 
 
  
 
 
 
 
 
 
 
Figure 1. Breakdown of the 2182 innovations into 12 categories (1–12). 
  
 	  
	  
	  
 
 
Figure 2. Residual brain size plotted against innovation diversity (corrected for 
research effort) for the 76 families included in the innovation database. 
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Figure 3.  Mean + SE residual brain size of families for each score of diversity 
of technical innovations, from 0 (no technical innovations recorded) to 8 (at least 
one innovation for each of the 8 technical innovation categories). The number of 
families (N) with each score is given to the right of each bar.  
  
 
 
Figure 4. Residual diversity of technical innovations (number of technical 
innovation categories, corrected for research effort) for 76 avian families. 
Phylogenetic tree from Sibley and Ahlquist (1990). 
Connecting Statement 
 
The first three chapters of this thesis focus on one major hypothesis for the 
evolution of cognition, the Ecological Intelligence Hypothesis. So far, my results 
show that contrary to the prediction that feeding generalism is associated with the 
evolution of enhanced cognition, brain size is not positively associated with the 
number of diet breadth categories (Chapter 1), niche breadth (Chapter 2) or 
number of food type innovations (Chapter 3). In contrast, innovation rate is 
positively associated with the number of habitat categories a species exploits 
(Chapter 1). In addition, the diversity of technical innovations is a better 
predictor of residual brain size than is the diversity of novel food types consumed 
(Chapter 3). 
 
In Chapter 2, I also integrate a second major hypothesis, known as the 
Social Intelligence Hypothesis, which emphasizes the role of the social 
environment in driving enhanced cognition. Although the Ecological and Social 
Intelligence Hypotheses are often treated as alternatives, they are not mutually 
exclusive. In the following chapter, I develop a theoretical model that suggests 
resource distribution in the environment might provide a link between the two 
hypotheses.  
  
 
 
CHAPTER 4 
 
 
 
 
Food unpredictability drives both generalism and social foraging: a game 
theoretical model 
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Abstract 
Resource predictability can influence foraging behaviour in many ways. 
Depending on the predictability of food sources, animals may specialize on a few 
resources or generalize on many; they may aggressively defend feeding 
territories or non-aggressively share food with others. However, food defence 
and ecological generalism have generally been studied separately. In this paper, 
we propose that variation in resource predictability could drive both of them 
together. We construct a game theoretic model to test whether situations in which 
resources are unpredictable might favour both generalism (the ability to use 
multiple habitats and/or food types) and non-aggressive social foraging. Our 
model predicts that the proportion of social generalists is highest when resources 
are unpredictable, while a predictable resource distribution favours territorial 
specialists. We discuss our result within the context of animal cognition research, 
where generalism and social foraging are associated with the two dominant 
views of the evolution of cognition: the Ecological Intelligence and the Social 
Intelligence hypotheses. Our results suggest that social and ecological demands 
on cognition might be less independent than is often assumed.  
Introduction 
Animals differ in the variety of foods they consume and habitats they exploit, as 
well as in the size and structure of the groups in which they are found. The 
degree to which animals specialize on few resources or generalize on many, as 
well as the degree to which they feed alone or in groups, have been the subject of 
large, but separate, bodies of theoretical and empirical research (resource use: 
Levins and MacArthur, 1969; Futuyma and Moreno, 1988; Kassen, 2002; social 
foraging: reviewed in Giraldeau and Caraco, 2000).  
 Social organization varies on a continuum that goes from year-round 
territorial exclusion (leading to solitary foraging or tolerance of a mate and 
offspring) to participation in large, non-aggressive groups. One theory that has 
proven useful in accounting for this variation is Resource Defence Theory, first 
proposed by Brown (1964). This theory states that when food occurs in 
moderately dense patches that are stable in space and time, animals may profit 
more from excluding others than from sharing. At the other extreme, if food 
occurs in large clumps that are difficult to predict in space and time, it may be 
more profitable to forage in mobile groups than to attempt to defend the 
resources against others. There is growing empirical evidence that this theory can 
successfully predict the conditions in which animals should adopt aggressive 
modes of solitary foraging or non-aggressive modes of social foraging. For 
example, Zenaida doves (Zenaida aurita) and Convict cichlids (Cichlasoma 
nigrofasciatum) switch from non-aggressive group foraging to food defence 
when resources become clumped and predictable (Goldberg et al., 2001; Grant 
and Guha, 1993). Social foraging may also be beneficial in unpredictable 
environments if individuals provide others with information about food, an idea 
that is supported both by a recent model (Hancock and Milner-Gulland, 2006) 
and by experiments with European Starlings (Sturnus vulgaris; Rafacz and 
Templeton, 2003).  
 The same factors that drive variation in social foraging might also drive 
variation in resource exploitation. An unpredictable and/or variable resource 
distribution is thought to favour generalism (MacArthur and Levins, 1967; 
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MacArthur, 1975; reviewed in Futuyma and Moreno, 1988). While conservative 
specialists may thrive only when their preferred habitat and/or food type is 
abundant and stable in space and time, ephemeral foods that are difficult to find 
might instead favour opportunistic generalism and flexibility. Empirical evidence 
of this comes primarily from field research on invertebrates (Moldenke, 1975; 
Krasnov et al., 2006; Simkova et al., 2006). Experiments with deer mice 
(Peromyscus leucopus) have also shown that when resource availability and 
resource type are unpredictable, individuals adopt more generalist foraging 
behaviour (Gray, 1981).  
 Generalism and social foraging each correspond to one of the dominant 
theories for the evolution of animal cognition. It has been proposed that 
generalism—exploiting a wide variety of resources—requires greater cognitive 
abilities than specialization because it requires the ability to process more 
information about multiple habitats and food types (Reader and MacDonald, 
2003 but see Chapters 1-3) or to maintain a larger repertoire of foraging patterns 
(Changizi, 2003). Other studies have cited the cognitive demands of behavioural 
flexibility in particular (Ratcliffe et al., 2006; Reader and Laland, 2002; Chapter 
3), which would provide another route toward broader resource use. 
Alternatively, social foraging is thought to impose greater demands on the brain 
than does foraging alone because it requires a larger “neural computer” to store 
and manipulate information about social relationships (Humphrey, 1976; Dunbar, 
1998). The two views, most often referred to as the “ecological intelligence” 
(Parker and Gibson, 1977; Eisenberg and Wilson, 1978; Byrne, 1997) and “social 
intelligence” (Jolly, 1966; Byrne and Whiten, 1988; Flinn, 1997) theories of 
cognition, are usually presented as alternatives (e.g. Seyfarth and Cheney, 2002).  
 While resource unpredictability has been examined in the literature on 
generalism and, separately, that on social foraging, its potential role in driving 
the two together has not been considered. Here, we test whether the proportion of 
generalists and non-aggressive foragers increases when resources are 
unpredictable in the environment. We model social foraging and generalism 
using a game theoretical model. Game theory has been used as a tool for 
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understanding the dynamics of aggressive interactions between individuals 
(Maynard Smith and Price, 1973). More recently, hawk-dove games have begun 
to explore the conditions under which animals may forage in non-aggressive 
social groups (Sirot, 2000). These games have expanded to include factors such 
as the asymmetry of players, multiple interactions between players (Dubois et al., 
2003), and additional strategies such as “sneakers” (Dubois et al., 2004).  
 In this paper, we construct a game theoretic model that includes 
variation in the ability of individuals to use multiple resources (specialist vs. 
generalist), as well as variation in the use of aggression to exclude others from 
these resources (territorial hawk vs. social dove). We find that unpredictability of 
resources in the environment can drive a population toward both generalism and 
non-aggressive food sharing. 
 
The Model 
All parameters of the model are listed in Table 1. We consider a group of G 
foragers that exploit two different resources. Each resource is characterized by its 
profitability F1 and F2 as well as by its abundance and by its predictability. Both 
resource abundance and predictability affect the rate at which resources are 
encountered. We denote the probability that a forager discovers a resource of 
type 1 at a given time by λ1, and the probability that a forager discovers a 
resource of type 2 by λ2. We create the simplest distinction between generalist 
and specialist feeding techniques: consumers can be either specialists of one or 
the other resource (i.e. they search and consume only one of two resource types) 
or generalists. The degree of predictability of resources (α) varies between 0 and 
1. When resources are unpredictable (i.e. α=0), both generalists and specialists 
have the same probability of discovering them. When the degree of predictability 
increases, so does the rate at which specialists encounter their preferred resource. 
Hence, the probability that a specialist discovers a resource of type 1 is λ1 (1-α).  
We assume that generalists are less efficient in their resource exploitation than 
are specialists: specialists get either F1 or F2 items, while generalists only get a 
fraction x (0 ≤ x ≤ 1) of each type of resource they encounter.  
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Resources cannot be exploited by more than two competitors, and when 
the same resource is discovered simultaneously and therefore contested by two 
competitors, each of them can adopt one of two strategies: (territorial) hawk or 
(social) dove. We assume that contestants do not differ in their fighting abilities. 
Thus, if both contestants play hawk, they each have a probability of 50% of 
obtaining the whole contested resource while both suffering an energetic cost of 
fighting C. On the other hand, if both contestants play dove, the resource is 
shared equally between the two competitors at no cost. If only one contestant 
plays hawk, the dove retreats and the aggressive competitor gets the whole 
resource.  
Given that we have three exploitation strategies (i.e. specialists of type 1, 
specialists of type 2 and generalists) and two appropriation strategies (i.e. hawk 
and dove) we have six different strategies: S1H, S1D, S2H, S2D, GH, GD. 
W(S1H) thus represents the payoff of a specialist that exploits only resources of 
type 1 and is aggressive against others, W(GH) is the payoff of a generalist that 
is aggressive, W(S2D) is the payoff of a specialist that exploits only resource 2 
and is non-aggressive, and so on. The parameters p, q, and r represent the 
proportion of specialists of type 1, specialists of type 2 and generalists, 
respectively, with: p + q + r = 1, while p’, q’, and r’ denote the respective 
proportion of individuals playing hawk among them. Resource exploitation time 
is assumed to be negligible, and all group members (G) search for resources of 
type 1 or 2, at any given time. It is important to note that generalists search for 
both types of resources simultaneously while specialists search for only one type 
of resource. At any given time, therefore, the number of foragers searching for 
resources of type 1 is equal to the number of specialists of type 1 plus the number 
of generalists (i.e. pG + rG), while the number of foragers searching for 
resources of type 2 is equal to the number of specialists of type 2 plus the number 
of generalists (i.e. qG + rG). In addition, as specialists and generalists do not 
have the same efficiency at discovering resources, the probability of a 
simultaneous discovery by at least two foragers does not depend only on the total 
number of animals searching for resource of type 1 or 2, but also on the relative 
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proportion of generalists and specialists searching for either type. Hence the gain 
expected by each individual is affected by both the strategy it uses and the values 
of p, q, and r. For instance, the average gain expected for a specialist of type 1 
that plays hawk is W(S1H):  
 
€ 
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(1) 
 
The first term of this equation, λ1 (1-α), corresponds to the probability that the 
animal discovers a resource of type 1 at a given time, while the parameters β and 
(1-β) represent the probability that the animal can exploit the resource alone or 
must compete with another group forager to get the F1 units of energy, 
respectively. The probability β depends on both the number of foragers that are 
searching for resources of type 1 simultaneously and their respective finding 
efficiency, with: 
 
. (2) 
 
The first term of equation (2) represents the probability that the resource is not 
discovered simultaneously by any of the rG generalists that have each a 
probability λ1 of finding resources, while the second term represents the 
probability that the resource is not discovered simultaneously by any of the other 
(pG-1) specialists of type 1 that have each a probability λ1 (1-α) of finding 
resources.  
As indicated by equation (1), the discoverer gets F1 units of energy when 
the resource is not contested by another individual. Otherwise, its expected gain 
depends on the strategy used by its opponent: if the opponent plays hawk with a 
probability u, they engage in an escalated fight and both competitors have the 
same probability of chasing away the other contestant. Conversely, if the 
opponent plays dove with a probability v = 1-u, the individual obtains the entire 
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resource at no cost because the non-aggressive competitor retreats, leaving 
behind all of the remaining resource for the hawk.  
As the parameters p’ and r’ represent the proportion of specialists of type 1 and 
generalists that play hawk, the probability that the opponent plays hawk is u, 
with: 
rp
rpu
+
+
=
''
. 
Using this procedure, we can estimate the average gain expected for each 
category of individuals, and then calculate the proportion of each type of foragers 
for the next generation. To do that we consider that group size is constant from 
one generation to the next and that the proportion of each category of individuals 
during each generation is proportional to the relative success of each strategy 
during the previous generation. Thus once we have calculated the average 
expected gains, we can deduce the frequency at which each strategy will be used 
for the next generation and repeat this procedure over consecutive generations 
until the frequency of each strategy reaches a stable point.  
 
Results 
In our model, as a resource becomes more predictable, both the level of 
aggressiveness and the proportion of specialists increase. Accordingly, the model 
predicts that the proportion of non-aggressive (social) generalists is greatest 
when resources are unpredictable (Fig 1). This occurs because predictability 
affects the rate at which specialists can detect new resources, while it has no 
effect on the resource finding efficiency of generalists. Thus, as a resource 
becomes more predictable, individuals benefit from specializing. Furthermore, as 
specialists are more efficient not only in their finding efficiency but also in their 
exploitation abilities, the quantity of energy they can obtain from a resource is 
more likely to exceed the cost of fighting, thereby allowing specialists to become 
more aggressive. 
The model also predicts that the number of individuals in the population 
should have a greater effect on aggressiveness than on generalism. Increasing the 
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number of animals is predicted to increase the proportion of them playing hawk 
among both specialists and generalists (Fig. 2), while the proportion of 
specialists should remain relatively constant when the number of competitors 
within the group increases. Similarly, the energetic cost of fighting has almost no 
effect on the expected proportion of generalists and specialists but profoundly 
affects the level of aggressiveness that tends to decrease as the cost of fighting 
increases (Fig. 3).  
Finally, the model predicts that the proportion of generalists should be 
very low when the fraction of energy they can extract from a resource is small 
compared to the quantity of energy that can be gained by being a specialist (Fig. 
4A). Consequently, the level of aggressiveness is lower for generalists than for 
specialists when the efficiency of generalists is low (Fig 4B).  
 
Discussion 
In this study, we expand current game theoretic models of foraging behaviour to 
test how resource predictability simultaneously influences breadth of resource 
use and social foraging. Our model demonstrates that an unpredictable resource 
distribution can drive a population toward both ecological generalism and non-
aggressive food sharing.  
  Generalism and social foraging have generally been treated separately in 
the literature, and bringing these together may have implications for theories in 
ecology and in animal cognition. Experimental tests in which food predictability 
was manipulated have focused on the effects of either diet breadth (Gray, 1981) 
or social foraging strategy (Goldberg et al., 2001; Grant and Guha, 1993). Our 
results suggest that measuring both of these variables within a single system 
where resource predictability is manipulated could provide a new perspective on 
how variation in foraging behaviour evolves. Such a test could be applied to a 
variety of systems where one or the other of these variables has already been 
measured, including insects (Krasnov et al., 2006, Simkova et al., 2006), fish 
(Grant and Guha, 1993), birds (Goldberg et al., 2001), and mammals (Gray, 
1981).  
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 Researchers of animal cognition have proposed that there are two distinct 
pressures on the evolution of brains and intelligence: social and ecological. 
While social and ecological pressures have traditionally been treated separately, 
some workers have pointed out that sociality is not independent of ecology (e.g. 
Dunbar and Shultz, 2007) and a recent study showed that brain size was 
associated with both habitat complexity and social organization in Cichlid fishes 
(Pollen et al., 2007). Our results further support the idea that ecological and 
social variables should both be included in empirical studies of behaviour and/or 
cognition.  
 In our model, we use simple variables to describe variation in resource 
exploitation. However, our measures parallel those used in empirical studies of 
behaviour and cognition. For example, diet breadth is positively correlated with 
brain size in a variety of taxa, including primates (Harvey et al., 1980; Reader 
and MacDonald, 2003), small mammals (Gittelman, 1986), and beetles (Farris 
and Roberts, 2005), though not in birds (Chapter 1). Some authors have 
emphasized the importance of flexibility within the Ecological Intelligence 
Hypothesis (Lefebvre et al., 1997; Reader and Laland, 2002; Chapter 1). The 
measure of “generalism” used in this model is a very rudimentary one, and does 
not specify how individuals are able to use two resources instead of one. Thus, 
we might imagine that generalism here could represent either diet/habitat breadth 
and/or flexibility in diet/habitat breadth. Recent evidence suggests that 
generalism and flexibility may be related to each other; habitat generalism is 
positively correlated with innovativeness in foraging behaviour in North 
American birds (Chapter 1). However, this relationship does not extend to diet 
breadth, and may differ across clades of birds (Chapters 1 and 2).  
Based on Brown’s (1964) Resource Defense Theory, we considered two 
extremes of social behaviour: territoriality and peaceful resource sharing. We 
used non-aggressive behaviour as a measure of the degree to which an individual 
will behave socially, based on evidence from empirical studies demonstrating 
that aggressiveness is lowered when animals switch from solitary to social 
foraging (Barash, 1974; Wiggins, 1991). Empirical work should be done to 
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expand on our finding, and to incorporate other measures of social behaviour, 
such as group size (Sawaguchi and Kudo, 1990, Dunbar and Bever, 1998), social 
complexity (Burish et al., 2004), and social network size (Kudo and Dunbar, 
2001).   
Our findings may be relevant both within and across species. There is 
emerging evidence to suggest that generalism and/or flexibility play a role in a 
species’ ability to cope with changes in the environment. Comparative studies of 
birds show that large-brained generalist species have experienced the least 
amount of population decline within the last forty years in Britain (Shultz et al., 
2005), and that innovative birds are more successful than their less innovative 
counterparts when introduced to new habitats (Sol et al., 2005). Similarly, a 
study of Bornean butterflies found that generalist species were more resistant to 
El Nino-caused disturbances (Charrette et al., 2006). In primates and small 
mammals, the fact that frugivores have relatively larger brains than do folivores 
has been attributed to differences in the predictability and distribution of food 
sources (Harvey et al., 1980), and the same rationale was used to explain brain 
size differences between frugivorous and insectivorous bats (Eisenberg and 
Wilson, 1978). Incorporating social measures into these large-scales studies 
could provide a broader view of the way rapidly changing environments 
influence, or select for, foraging strategies.  
Our prediction that aggressiveness should increase with group size and 
decrease as fighting becomes costly are both consistent with previous work on 
social foragers (Sirot, 2000). However, increasing the number of competitors or 
the cost of fighting has no effect on specialization. Indeed, the relationship 
between specialization and aggression may not be a perfect one, as these 
variables are influenced by other parameters in different ways. For example, the 
shapes of the curves differ for the proportion of specialists and the proportion of 
territorial hawks with increasing unpredictability of resources (Fig. 1). This is 
likely due to the fact that the predictability of a resource has a strong effect on 
the rate at which specialists detect it, and therefore on the quantity of energy they 
can obtain per unit of time, but does not affect generalists. Therefore, as 
 148 
resources become more predictable, individuals can increase their energy intake 
rate by specializing on one particular resource type. On the other hand, the level 
of aggressiveness of specialists and generalists does not increase monotonically 
with resource predictability in our model. This is because the probability of 
simultaneous discoveries depends both on the rate at which individuals detect 
resources and the number of individuals searching for each type of prey, and both 
of these parameters vary with the level of predictability. Thus, when resources 
are unpredictable, specialists do not find items more frequently than generalists. 
However, as resources become more predictable, the proportion of specialists 
increases, as does their finding efficiency. Simultaneous discoveries therefore 
become more frequent and increase the likelihood of an aggressive encounter.  
Other findings from our model are consistent with ecological theory. For 
example, Levins (1962) asserted that if a strong trade-off exists between foraging 
efficiency and foraging generalism then specialisation is favoured. Our model 
shows that the proportion of generalists should remain low when specialisation 
confers a significant advantage in terms of the energy that can be extracted from 
a resource (Fig. 4A).  
 In this paper, we describe a model that may help us understand the 
conditions favouring both generalism and non-aggressive social foraging. We 
hope that our model will stimulate further empirical work that combines 
meaningful measures of both sociality (e.g. social complexity, social bond 
formation) and resource exploitation strategies (e.g. ecological generalism, 
flexibility, innovativeness). The aim should be to create a cohesive framework 
enabling us to further our understanding of the ecological and social conditions 
that drive the evolution of brains and intelligence across taxa.  
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Tables and Figures 
Table 1. Parameters used in the model.  
 
Symbol Meaning 
λi Probability that a generalist discovers a resource of type i (with i=1 
or 2) at a given time 
α Degree of predictability of resources 
λi (1-α) Probability that a specialist of type i (with i=1 or 2) discovers a 
resource at a given time 
Fi Quantity of energy that can be gained from a resource of type i 
(with i=1 or 2) 
x Fraction of energy that a generalist can extract from each resource 
C Energetic cost of fighting 
G Number of foragers within the group, including both generalists 
and specialists 
p Proportion of group foragers that are specialists on resource type 1 
q Proportion of group foragers that are specialists on resource type 2 
r Proportion of group foragers that are generalists on both types of 
resources 
p’ Proportion of specialists of type 1 that play Hawk 
q’ Proportion of specialists of type 2 that play Hawk 
r’ Proportion of generalists that play Hawk 
β Probability that a resource discovered by a forager is not 
discovered simultaneously by any of the other (G-1) foragers  
 
Figure 1. The expected proportion of specialists and generalists (A) and the 
expected frequency of individuals playing hawk (B) in relation to the degree of 
predictability of prey (α). In this figure F1=F2=5; λ1=λ2=0.2; C=1; G=10 and 
x=0.8.
 
Figure 2. The expected proportion of specialists and generalists (A) and the 
expected frequency of individuals playing hawk (B) in relation to the group size 
(G). See Fig. 1 for values of parameters F1, F2, λ1, λ2, C and x. In this figure α=0.  
 
 
Figure 3. The expected proportion of specialists and generalists (A) and the 
expected frequency of individuals playing hawk (B) in relation to the energetic 
cost of fighting (C). See Fig. 1 for values of parameters F1, F2, λ1, λ2 and x. In 
this figure α=0.5.  
 
 
 
Figure 4. The expected proportion of specialists and generalists (A) and the 
expected frequency of individuals playing hawk (B) in relation to the proportion 
of food obtained (i.e. “efficiency”) by generalists from each resource (x).  See 
Fig. 1 for values of parameters F1, F2, λ1, λ2, and C. In this figure α=0.  
Connecting Statement 
 
Thus far, I have examined cognition using comparative and modeling 
approaches. In Chapters 1 and 3, I demonstrated that innovativeness is strongly 
correlated with residual brain size across species, suggesting that the capacity to 
innovate plays an important role in the evolution of enlarged brain size. Yet little 
is known about the way innovation works at the individual level. In the final two 
chapters of this thesis, I take a closer look at behavioural innovation in a large-
brained icterid, the Carib grackle.  
In Chapter 4, I demonstrated that social and ecological traits could both 
be influenced by the distribution of resources in the environment. Anecdotally, 
we know that many innovative species are gregarious, and it has been well 
established that social context can influence behaviour. In the following chapter, 
I examine the effect of social context on innovative feeding behaviour in the 
Carib grackle, an opportunistic, gregarious bird. 
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Innovation in groups: does the proximity of others facilitate or inhibit 
performance? 
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Abstract 
Foraging innovation, in which an individual eats a novel food or uses a novel 
foraging technique, has been observed in a wide range of species. If other 
individuals are nearby they may adopt the innovation, thus spreading it through 
the population. Much research has focused on this social transmission of 
behaviour, but the effect of social context on the emergence of novel behaviour is 
unclear. Here, we examine the effect of social context on innovative feeding 
behaviour in the Carib grackle (Quiscalus lugubris), an opportunistic, gregarious 
bird. We test the effect of the proximity of conspecifics, while eliminating the 
direct effects of interference, scrounging, or aggression. Using a repeated-
measures design, we find that birds take significantly longer to contact novel 
foraging tasks when in the presence of others vs. alone, and during playbacks of 
alarm calls vs. a control sound. Further, performance of a food-processing 
behaviour decreases when birds are with others, and individuals adjust their 
behaviour depending on their distance from conspecifics. Our results suggest that 
feeding in groups may slow down or inhibit innovative foraging behaviour in this 
species. We discuss the implications of a trade-off between feeding in groups and 
taking advantage of new feeding opportunities. 
Introduction 
Foraging innovations have been observed in over 800 species of birds in the 
wild, and may range from simply eating a new type of food (Sibson, 1993) to 
novel foraging techniques such as using tools (Gayou, 1982). These novel 
behaviours can allow animals to take advantage of new food sources and 
habitats. Once an individual has innovated, the novel behaviour can spread 
socially and become part of the behavioural repertoire of whole populations 
(Reader and Laland, 2000; Lefebvre and Bouchard, 2003; Boogert et al., 2008), 
allowing shifts to new adaptive zones and influencing evolutionary rates through 
behavioural drive (Nicolakakis et al., 2003; Sol et al., 2005).  
Despite the potential importance of innovativeness in ecology and 
evolution, little is known about when or how innovation occurs (Reader and 
Laland, 2003; Clayton, 2004). Comparative studies show that innovativeness is 
positively correlated with residual size of the brain in both birds and primates 
(Lefebvre et al., 1997b; Reader and Laland, 2002; Chapters 1 and 3), which 
suggests that cognitive capacity can facilitate (or limit) the ability of a species to 
innovate. Group living is also positively correlated with enlarged brain size 
(Byrne and Whiten, 1988; Dunbar, 1998), and a recent study of 480 species of 
birds demonstrated that the largest brains are found in species that live in pairs or 
in groups of up to 70 individuals (Emery et al., 2007). Together, these 
comparative studies raise the question of how ecological and social pressures 
interact to shape cognition (Shultz and Dunbar, 2006; Overington et al., 2008; 
Chapter 4). If large-brained species are both innovative and social, the social 
environment could play an important role in the emergence of novel behaviour 
patterns. Although comparative work in this area raises interesting questions, this 
approach cannot examine the relationship between innovation and sociality at the 
individual level.  
In this study, we use an experimental approach to test how social context 
influences two types of foraging innovations in the Carib grackle (Quiscalus 
lugubris). First, we present birds with an innovation task that requires them to 
remove an obstacle to reach food, a test that has been used to understand 
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innovation in a variety of bird species (Webster and Lefebvre, 2001; Bouchard et 
al., 2007; Boogert et al., 2008; Biondi et al., 2008; Huber and Gajdon, 2006). 
Second, we examine a behaviour that was recently reported as an innovation in 
our study species, the processing of hard dry food by dunking it in water 
(Morand-Ferron et al., 2004; 2006; 2007). Although observed at very low 
frequency in the field, dunking can become part of the standard behavioural 
repertoire of grackles; over 80% of individuals will dunk dry, hard food in 
captivity (Morand-Ferron et al., 2004). As a behaviour exhibited spontaneously 
by wild grackles, dunking provides an ecologically-relevant addition to the 
standard innovation tasks to test how social context influences the expression of 
innovative foraging techniques. We test the effects of social context on these two 
behaviours by manipulating presence of grackles near a focal individual, and by 
broadcasting a conspecific alarm chorus or a control sound during testing.  
Previous studies suggest that there are both costs and benefits to group 
feeding. Carib grackles use social information to learn new feeding techniques 
(Lefebvre et al., 1997a) and to identify predators (Griffin and Galef, 2005). In 
some species, the presence of others can increase exploration (capuchin 
monkeys: Fragaszy and Visalberghi, 1990), decrease neophobia (zebra finches: 
Coleman and Mellgren, 1994), and reduce anti-predator vigilance (for a review: 
Lima and Dill, 1990), all of which should facilitate innovation.  
On the other hand, group-feeding may be costly. Carib grackles incur 
direct costs when feeding in groups because they steal food from one another 
(Morand-Ferron et al., 2006; 2007). Contrary to the findings described above for 
zebra finches, group feeding sometimes increases neophobia (common ravens: 
Stöwe et al., 2006), and the presence of uninformed conspecifics in a group can 
slow down social learning (the “bystander effect” in pigeons: Lefebvre and 
Giraldeau, 1994), raising the possibility that the presence of others could slow or 
inhibit innovation.  
If innovating grackles benefit from the presence of others, we predict that 
the latency to solve the innovation task will be lower when other grackles are 
nearby and higher when a conspecific alarm chorus is broadcast. We also predict 
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a higher rate of dunking. If, on the contrary, the presence of conspecifics has a 
negative effect on innovating grackles, we predict a higher latency to solve the 
innovation task and a lower rate of dunking. We also predict that grackles will 
adjust their dunking behaviour to avoid potential theft, by moving further away 
from conspecifics or using a hide when dunking food items, similar to the anti-
theft strategies observed in corvids (Clayton et al., 2007), and in parids 
(Pravosudov, 2008). 
 
General Methods 
Study species 
On the very anthropogenically-modified West Indian island of Barbados, Carib 
grackles routinely feed in small, open flocks on food directly related to human 
activities (Jaramillo and Burke, 1999), and regularly encounter novel food items. 
Comparative work also suggests that they are a good species for studies of 
innovation: an exhaustive survey of reports of innovative behaviour in 
ornithology journals show that Quiscalus is the North American passerine genus 
with the second highest number of innovation reports after Corvus, which 
includes crows and ravens (Lefebvre et al., 1997b; Webster and Lefebvre, 2001).  
 
Subjects and Housing  
We caught 58 adult Carib grackles from February to May 2006 and February to 
June 2007 in baited, walk-in traps on the grounds of the Bellairs Research 
Institute of McGill University, St. James, Barbados. None of these birds had 
participated in any previous behavioural experiments. Upon capture, we weighed 
and measured each individual, fitted them with a unique combination of coloured 
aluminium bands (A.C. Hughes Ltd., U.K.), and housed them in individual cages 
(2.25 x 2.15 x 0.76 m) in an outdoor aviary. Sexes were assigned visually based 
on plumage, size, and behavioural observations in consultation with a local 
ornithologist (Martin Frost, pers. comm.). DNA testing of blood samples of 
individuals caught at our site (Griffiths et al., 1998; Appendix 3) in the context of 
an ongoing morphological study confirmed that we were able to assign sexes to 
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adult birds with 95% accuracy, and that we were able to identify large adult male 
birds such as those used in our 2007 experiments with 100% accuracy. Aviary 
cages were separated from each other by opaque plastic sheets so that subjects 
were visually, but not acoustically, isolated. Water was available ad libitum 
throughout the experimental period. Food (soaked, crushed dog food pellets and 
cooked rice) was provided ad libitum for the first two days in captivity and after 
trials on test days. Food was removed at 18h00 every evening and birds were 
food-deprived until experiments began between 8h00 and 9h00 the following 
morning. All birds were released near their site of capture when they had 
completed the experiments. No birds were re-used in experiments after release. 
Time in captivity ranged from ten to fourteen days. All experiments were 
conducted according to Animal Use Protocol 5123, approved by the McGill 
University Animal Care Committee. 
 
Experiment 1: Do conspecific alarm calls influence innovative problem-
solving? 
Subjects 
Experiment 1 was carried out from February to May 2006. Fifteen adult birds 
(eleven males, three females, one unidentified at the time of study but likely 
female based on morphology; Appendix 3) served as subjects for this 
experiment. Prior to the experiment, all birds had participated in an experiment in 
which they had interacted with another problem-solving task (task A; Fig. 1A).  
 
Experimental protocol 
We began experimental manipulations from day eight to day thirteen in captivity. 
In this experiment, we presented individuals with novel problem-solving tasks 
during playback of either conspecific alarm calls or a neutral sound. The 
conspecific alarm call chorus was recorded at Bellairs Research Institute by 
Andrea S. Griffin, who used the playbacks in several experiments on social 
learning about predators (Griffin and Galef, 2005; Griffin et al., 2005) and kindly 
provided us with the audio files. In the wild, these alarm calls are made in the 
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presence of cats, mongooses, monkeys, and dogs (Griffin and Galef, 2005). The 
alarm call chorus used in this experiment was elicited by presenting several 
individuals with a stuffed cat, and the recordings were edited so that one series of 
alarm calls was played through the left speaker and another through the right to 
simulate several birds calling from different locations. The neutral sound was 
designed to control for the sudden, loud sound being played into the cage. It was 
recorded for this experiment with an Audio-Technica AT815b directional 
microphone into a Gateway computer. The recording consisted of ambient 
background noise (waves and people walking on the beach) as well as the songs 
of grackles and bananaquits (Coereba flaveola). Each recording (alarm 
call/neutral) was cut into a 120-second clip that was played during experiments 
through two Harman Kardon speakers attached to a Gateway computer. The 
recordings were played at a maximum amplitude of 90 dB when measured in the 
cage one metre away from the speakers. Recordings are available from the 
authors upon request.  
For each trial (call/control), we first presented the bird with a hinged 
food-dish (task A; Fig. 1A), which the bird had learned to open in a previous 
experiment to ensure a baseline level of motivation. The experiment only 
proceeded if the bird opened task A within five minutes. The experimenter then 
removed the task through a small door at the front of the cage. Sixty seconds 
later, sound playbacks began through speakers in front of the cage. We placed 
one of two novel tasks (either task B or C; Figs. 1B, C) in the cage 10 seconds 
after the start of the playback. Playbacks occurred during the first two minutes of 
each trial. The task was removed from the cage 10 seconds after the bird 
successfully solved the task, or after a maximum of 20 minutes. Order of trials 
(call/control) presented to each individual was assigned by coin toss and the task 
presented with each sound was chosen using a balanced design across birds. We 
conducted trials between 8h00 and 10h00, and at the same time on each of two 
successive days for each bird. Tasks B and C looked similar; both had opaque 
lids covering transparent, Petri-dish bases, and were attached to wooden feeding 
platforms. Both were baited with a mix of cooked rice and crushed dog food 
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pellets. However, they required different opening techniques. For task B, a black 
foam lid had to be lifted to reach the food (Fig. 1B). To open task C, birds had to 
puncture the aluminium foil of the lid (Fig. 1C).  
All data were log-transformed and paired t-tests were used to compare 
individuals’ latency to solve the novel foraging task during playback of the 
conspecific alarm chorus versus the control sound.  
 
Results  
We used a repeated-measures design to account for the individual differences 
among subjects. There were no systematic differences between male (N = 11) 
and female (N = 4) birds for any of our measures. We report all results with the 
full dataset (N = 15). Playbacks occurred during the first two minutes of each 
trial. Only two out of fifteen birds contacted the tasks during the two minutes of 
alarm call playbacks, whereas eight birds contacted tasks during the two minutes 
of control sound playback (χ2 = 3.8, P = 0.05). However, all individuals in this 
experiment eventually contacted each task during each 20-minute trial. Birds 
took longer in call trials than in control trials to descend to the ground (mean 
time + SE to descend from perch: 132 + 32 s vs. 50 + 13 s; t14 = -2.2, P = 0.04). 
Birds also took longer to contact the call trials than the control trials tasks (mean 
latencies + SE: 258 + 55 s vs. 136 + 55 s; t14 = -2.9, P = 0.01; t14 = -2.6, P = 0.02; 
Fig. 2A). However, problem-solving efficiency, measured as the time between 
contact and solving, was not significantly different between trials (mean times + 
SE: 109 + 30 s vs. 94 + 56 s; t14 = -1.2, P = 0.25; Fig. 2B).  
 
Experiment 2: Does social context influence innovative problem-solving? 
Subjects  
Experiment 2 was carried out between February and May 2007. Forty-five adult 
male birds served as subjects in these experiments. None of these individuals had 
participated in Experiment 1 in 2006. Because we could keep a maximum of 
twelve birds in the aviary at any one time, we caught birds in five sets, each 
made up of five to eleven birds. Subjects were kept in individual cages in an 
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outdoor aviary, whereas the last two birds per set were housed in one cage 
together to form the “social group” for these experiments and were never used as 
subjects. Overnight food deprivation began on the third day in captivity. 
 
Experimental protocol: control trials 
On day six in captivity, we began the first problem-solving trials. We presented 
individuals with a novel foraging task, a transparent hinged dish (Fig. 1A). The 
food reward (soaked and crushed dog food) was placed in the centre of the dish. 
Individuals had to open the dish to reach the reward. Once the individual had 
reached the food, it was considered to have solved the task. We recorded the 
latency to contact and to solve the task. Task presentations lasted up to five 
minutes and were separated by at least 30 minutes. Birds were given up to five 
attempts on the morning of day six (trials 1 to 5), six attempts on the morning of 
day seven (trials 6 to 11), and five attempts in the afternoon of day seven (trials 
12 to 16). Twenty-nine birds solved the task in trials 1-9, one individual solved 
the task between the 10th and 16th trials, and five individuals never solved the 
task. Performance on this innovation task served as a baseline measure, and we 
compared individual performance on this task with performance in one of two 
test conditions (see Fig. 3 for a schematic of experimental design). 
 
Transfer to experimental condition 
On the morning of the eighth to thirteenth day in captivity, we moved birds to the 
test condition (another cage the same size as their initial cage, 2.25 x 2.15 x 0.76 
m) in a small transfer cage (37 x 30 x 31 cm) baited with food. We did not 
directly handle birds during the transfer. We assigned transfer day based on cage 
availability for social birds, whereas we assigned transfer days to solitary birds 
randomly, so that transfer days would be equally variable within both groups. We 
randomly assigned subjects to either the solitary (N = 18) or social (N = 17) 
treatment. We transferred birds assigned to the solitary condition to a new cage 
that was visually isolated from other birds. In the social condition, birds were 
transferred to a cage adjacent to the “group cage” which housed two other birds. 
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The target subject’s cage was separated from the group cage by one layer of 
metal grid, and the set-up within the test cage was the same as in control trials. 
This separation allowed us to assess the effects of social context on performance 
while preventing social birds from opening the apparatus in lieu of the tested 
individual, which would have yielded a trivial answer on the effect of social vs. 
non-social context on problem-solving performance. This decision should not 
affect type 1 error, as it presumably represents a weaker social situation than 
having all birds in the same cage, although a lack of effect could be attributable 
to type 2 error. All birds were given ad libitum access to food after transfer to 
their testing or conspecific cages, and were then food-deprived overnight. 
 
Experimental protocol: test trials 
Problem-solving trials began in the morning of the day after transfer to the new 
condition. We presented birds with a new problem-solving task (Fig. 1D) up to 
eleven times while in the experimental condition (social or solitary). Again, trials 
were five minutes long or until the bird opened the task successfully. Trials were 
separated by at least 30 minutes. We recorded the time when birds contacted the 
task and successfully solved the task. Because there was a lot of variation 
between individual performances on all tests, we used repeated-measures 
analyses and compared the performance of birds in control versus treatment 
conditions, where the treatment conditions were solitary or social. Our data from 
the innovation tasks were not normally distributed even after transformation. We 
therefore used nonparametric tests on our raw data. We carried out separate 
Wilcoxon paired tests on birds transferred to the social and solitary conditions. 
 
Calling rates during experiments 
In experiment 1, playback of alarm calls slowed down innovation. In captivity, 
Carib grackles often broadcast a low-rate, low-volume version of the alarm call 
chorus (see Griffin and Galef, 2005). To verify that an eventual inhibitory effect 
of the social group in experiment 2 was not confounded by such calling, we 
quantified the rate of “chuck” calls heard in the aviary during the first test trial 
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for 17 birds (9 solitary, 8 social), including at least one bird in each condition for 
each of our five test groups of birds. For the solitary condition, the calls could 
come from the grackles caged out of sight a few meters away in the aviary; for 
the social condition, they could come from the same aviary neighbours or from 
the conspecifics in the adjacent cage. We estimated calling rate by counting the 
total number of chuck calls from video recorded trials using JWatcher 
(Blumstein et al., 2000). We also counted the number of chuck calls per minute 
in the alarm call playback used in experiment 1 using JWatcher. 
 
Results  
Of the 36 birds in our experiment, 26 solved both innovation tasks. For the ten 
birds that did not solve the tasks, we include the number of social (soc) and 
solitary (sol) birds in brackets to show how the non-solvers were distributed over 
the two conditions. Three birds did not solve either of the two tasks (1 soc, 2 sol). 
Seven birds solved only one of the two tasks; three birds solved only task 1 (1 
soc, 2 sol), and four birds solved only task 2 (2 soc, 2 sol).  
Birds in the social condition contacted the novel tasks in a later trial (Fig. 
4A; mean + SE change = + 2.8 + 0.8 trials; Z = - 2.8, N = 18, P = 0.006), and 
with a longer latency in that trial (mean + SE change = + 50 + 34 seconds; Z = - 
2.0, N = 16, P = 0.05) than they did in the controls. Birds in the solitary condition 
did not take any longer to contact the novel tasks (Fig. 4A; mean + SE change in 
number of trials = + 0.67 + 0.51 trials: Z = -1.2, N = 18, P = 0.23; mean + SE 
change in latency = -13.8 + 28 seconds latency: Z = - 0.7, N = 18, P = 0.47).  
These analyses included all birds that contacted at least one task. We 
repeated our analyses excluding birds that did not solve either task, and there 
were no differences in our results. For analyses comparing the trial when birds 
solved, we excluded individuals that did not solve both tasks (as listed above). 
Social context did not have any effect on the trial when birds solved the task  
(Fig. 4B; social: Z = - 1.5, N = 14, P = 0.13; solitary: Z = - 0.9, N = 12, P = 
0.34,), the total time it took for them to solve the task (social: Z = - 0.9, N = 14, P 
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= 0.35; solitary: Z = -1.8, N = 12, P = 0.07), or in problem-solving efficiency 
(social: Z = -1.6, N = 14, P = 0.10; solitary: Z = -1.5, N = 12, P = 0.14).  
The rate of chucking in our recorded alarm call chorus in experiment 1 
was at least 236 chucks/minute (the chucking rate was so high that it was 
difficult to count each chuck), which was far greater than the average of 35 
chucks/minute (range 7-81) during test trials in experiment 2. There was no 
difference in chuck rate heard from nearby caged grackles during solitary or 
social test trials (U = 51, N = 17, P = 0.15). Birds solved the innovation task 
during three of the 17 trials for which we quantified chuck rate. Chuck rate 
during these successful trials was not noticeably different from any of the non-
successful trials (chuck rates of successful trials were 56, 31, and 44 
chucks/minute). It is therefore unlikely that the effects of the social condition of 
experiment 2 are due to calling per se. 
 
Experiment 3: Does social context influence dunking behaviour? 
Subjects 
Experiment 3 was carried out in the afternoons following the problem-solving 
trials of experiment 2. All 35 focal subjects and ten group-birds had previously 
participated in experiment 2.  
 
Experimental protocol 
We carried out four dunking trials with each individual. Birds were food-
deprived in the middle of the day for 3.5 to 4 h before experimental trials began. 
Birds were never exposed to whole dry dog food pellets in captivity until the 
dunking trials began, though this is an item that captive grackles will 
spontaneously dunk (Morand-Ferron et al., 2004). On the fifth day in captivity, 
we replaced each bird’s regular water dish with one concealed in a hide. The hide 
was a dark green box (30 x 31 x 37 cm), open at the front and at the top, with 
wooden sides and a metal floor. The bottom of a large Petri dish (diameter 10 
cm) was affixed inside the hide with duct tape. Birds readily drank from the 
water dish inside the hide, even when the other water dish was available, and 
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often used the hide as an additional perch in the cage. We placed the regular 
water dish beside the hidden water dish before starting experiments. On the 
afternoon of the sixth and seventh day in captivity we carried out dunking trials 
one and two, respectively. These were the control trials, and involved only birds 
held singly in individual cages. In each trial, we placed three dry dog pellets 15 
cm from the front of the cage, equidistant from the two water dishes. Each 
dunking trial lasted 20 minutes after the placement of the dog pellets. The 
observer, watching through a small hole in a hide two metres from the cage, 
recorded the following variables: time at which the bird first contacted the 
pellets, time at which it dunked the pellets, time at which the bird removed 
pellets from water, and the location of each dunk (“open” or “hidden” water 
dish). We alternated the position of the two water dishes (i.e. on the left or right 
side of the cage door) for each dunking trial.  
We carried out dunking trials three and four (test trials) after the birds 
were transferred to the test condition (social or solitary; for details of transfer, see 
experiment 2), following the same protocol as the control trials. For one of the 
test trials, the “near” condition, the open dish was directly beside the group cage 
(approximately 10 cm from the division between the cages), while the hidden 
box was further away (approximately 40 cm from the group cage). In the other 
trial, the open dish was approximately 40 cm from the group cage, with the 
hidden water dish being placed 10 cm from the group cage, making the open dish 
“far”. The order of ‘near’ and ‘far’ trials was randomly determined. We fed 
group birds prior to the dunking trials to avoid overt aggression between them 
which occurred only when birds had been food-deprived. Food was then 
removed from the group five minutes before the start of the dunking trials.  
Measures related to dunking (time to contact first food pellet, latency to 
first dunk, total number of dunks, time spent dunking, and duration of the longest 
dunk) were normally distributed after log10-transformations. As in the previous 
experiment, we analyzed the effects of social context by splitting our data into 
‘solitary’ and ‘social’ groups. Because the control was the same for both groups 
but the experimental manipulation differed, we tested for differences between 
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control and test conditions for each group using paired t-tests. For birds in the 
‘social’ group, we further tested for any behavioural differences between ‘near’ 
and ‘far’ conditions. In this case, the same subjects were used in each treatment 
and we were able to use repeated-measures ANOVA to test whether behaviour 
was different between conditions.  
 
Results 
We carried out a total of 140 dunking trials with the 35 birds in our experiment. 
Of these birds, three did not dunk in any of the four trials, and were therefore 
excluded from analyses.  
 
Use of the hide when dunking 
Birds dunked food in 115 (82%) trials, and did not dunk in 25 (18%) trials. Of 
the trials in which birds dunked, only five (4%) involved any dunking in the 
hidden water dish. Five individuals each dunked in the hide in one of their four 
dunking trials; these birds had been assigned almost equally to the social (N = 2) 
and solitary (N = 3) conditions. Four of the five incidents of dunking in the hide 
occurred in dunking trials one and two (controls), whereas only one occurred 
during the test trials. However, this difference was not significant; subjects did 
not increase their use of the hidden dish in test trials (Wilcoxon paired test: 
Solitary: Z = -0.6, N = 18, P = 0.56; Social: Z = -1.4, N = 15, P = 0.16). 
 
Social effects on dunking behaviour 
Birds in both conditions took longer to contact food pellets in test trials than they 
did in their original cages (Paired t tests: Solitary: t17  = -3.0, P = 0.008; Social: 
t14  = -3.8, P = 0.002). Neither condition showed a significant change in the 
latency to dunk (Paired t tests: Solitary: t17  = -0.8, P = 0.45; Social: t14  = -1.2, P 
= 0.27), or the total number of dunks (Paired t tests: Solitary: t17  = -0.3, P = 0.78; 
Social: t14  = -0.1, P = 0.89). However, birds assigned to the social condition 
spent significantly less time dunking than they did in their solitary cages (Paired t 
test: t14  = 2.8, P = 0.01; Fig. 5A), whereas birds transferred to the solitary 
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condition showed no change in total dunking time (Paired t test: t17  = 1.4, P = 
0.19; Fig. 5A). Further, the longest dunking time was significantly shorter for 
birds transferred to the social condition (Paired t test: t14  = 3.1, P = 0.007; Fig. 
5B), but there was no change for solitary birds (Paired t test: t17  = 1.3, P = 0.23; 
Fig. 5B).  
 
Flexibility in dunking behaviour for birds in social condition 
Although birds did not dunk in the hidden water dish, they did adjust their 
behaviour depending on the placement of the two dishes, which was alternated 
between trials. During one trial, the open dish was directly beside the group cage 
(“near”), whereas in the other trial, the hidden dish was between the open dish 
and the group cage (making the open dish “far”). Two of the social treatment 
birds did not dunk in either trial three or trial four, though they had dunked in the 
control trials. We report results only for birds that dunked in at least one of the 
two trials (N = 12, social condition only). We included trial order as a between-
subjects variable in our repeated measures ANOVA.  
Birds were slower to contact food pellets when the open dish was near to 
the conspecific cage than when it was far (ANOVA: F1,10  = 5.9, P = 0.04). They 
also took longer to dunk their first pellet (ANOVA: F1,10  = 10.4, P = 0.009), 
dunked for less time (ANOVA: F1,10  = 11.0, P = 0.008; Fig. 6A), dunked fewer 
times (ANOVA: F1,10  = 10.5, P = 0.009; Fig. 6B), and their longest dunk was 
shorter (ANOVA: F1,10  = 5.4, P = 0.04; Fig. 6C). There was a significant 
interaction between dish location (near/far) and trial order for both pellet contact 
latency and number of dunks; birds contacted pellets sooner and dunked more on 
their second trial (ANOVA: F1,10  = 4.8, P = 0.05; F1,10  = 14.04, P = 0.004) but 
the interaction term was not significant for latency to dunk, total time spent 
dunking, or the longest dunk time (ANOVA: F1,10  = 2.3, P = 0.17; F1,10  = 1.8, P 
= 0.21; F1,10  = 0.1, P = 0.74).  
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Discussion 
Our experiments demonstrate that social context influences innovative foraging 
behaviour in the Carib grackle. We found that lone birds were faster than birds 
observed by conspecifics in attempting novel foraging problems. However, once 
individuals had contacted a novel problem, there was no difference in how 
quickly they solved the problem in different social contexts. In addition, whereas 
social context had no effect on how quickly birds contacted a familiar food (in 
this case, hard dog food pellets), birds dunked these items less when conspecifics 
were present, and even less when their preferred water source was closer to other 
birds. Our results suggest that group-feeding slows down innovation, and reduces 
the amount of time birds spend using risky foraging techniques such as dunking.  
Given that grackles are gregarious birds, it was interesting to find that 
individuals were hesitant to attempt a problem in the presence of others. There 
are a number of possible explanations for this. It could be that neophobia 
increases when grackles are in groups, as has been found in common ravens 
(Stöwe et al., 2006). Novelty responses play an important role in innovation, and 
neophobia is negatively correlated with innovation both within and among 
species (Webster and Lefebvre, 2001; Greenberg, 2003; Boogert et al., 2008). 
Another possibility is that when individuals are presented with a novel task in the 
presence of others, it may be useful to wait for social cues. For example, rooks 
(Corvus frugilegus) copy the food choice of demonstrators when they are 
presented with novel, but not familiar, foods (Dally et al., 2008). Our group birds 
were prevented from entering the focal cage by a wire mesh and could not 
physically approach the innovation tasks. If focal birds perceived this as 
neophobia on the part of the group birds, or indeed if group birds were acting in a 
fearful way, this could further prevent them from attempting the innovation task. 
This effect is consistent with the bystander effect in pigeons, where the presence 
of uninformed conspecifics near a task reduces the likelihood that a focal 
individual will learn by observing the solution to a feeding problem (Lefebvre 
and Giraldeau, 1994). Carib grackles can learn from each other (Lefebvre et al., 
1997a), and will readily scrounge food when given the opportunity (Morand-
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Ferron et al., 2007). Given the risks associated with novel situations (Bostic, 
1966; Tizard, 2004) the best strategy may be to wait for an opportunity to 
scrounge before trying to solve the problem alone. 
It is not surprising that playbacks of an alarm call chorus had a negative 
effect on the foraging behaviour of individuals (Experiment 1). We would expect 
that birds would direct their attention toward their surroundings instead of 
solving a novel task when there is a predatory threat as signalled by the alarm 
chorus. What is most interesting is that the simple presence of other birds in an 
adjacent cage in Experiment 2 appears to have had the same effect. This may be 
because conspecifics represent a source of risk due to competition, and 
individuals may thus avoid contacting the task to avoid conflict (Hoppitt and 
Laland, 2008).  
The contrast in the results of our experiments may be useful in 
understanding why foraging behaviour changed between social contexts. The fact 
that birds were no slower to contact a food source with which they had become 
familiar throughout the course of the experiments (dog food pellets), but were 
slower to contact novel tasks in Experiments 1 and 2 supports the idea that 
novelty responses play a role in the increased latency to contact problem-solving 
tasks in our experiment. Once birds had contacted the task in Experiments 1 and 
2, there was no difference in the speed of innovation in different social contexts. 
This finding differs from our observations in Experiment 3, where the presence 
of other birds reduced the amount of time individuals spent dunking the dog food 
pellets, particularly when the preferred water source was closer to the group.  
For gregarious species, there may be a trade-off between reduced 
foraging efficiency due to interference, and the presumed benefits of living in a 
group, such as a dilution of predation risk (Ens and Goss-Custard, 1984; Moody 
and Ruxton, 1996; Grand and Dill, 1999). In the field, Carib grackles appear to 
adjust their behaviour depending on the risk of having food items stolen 
(Morand-Ferron et al., 2006), and the ability to weigh the costs and benefits of 
their feeding behaviour could explain the differences in results between our 
experiments. In Experiments 1 and 2, birds had no access to food unless they 
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solved the task. Therefore, once they overcame their initial hesitation and began 
solving the problem, there was no obvious cost to continuing to solve the task as 
quickly as possible. The fact that they were able to do so suggests that the 
presence of conspecifics in Experiment 2 did not act only as a distraction for test 
subjects. In Experiment 3, birds had access to highly valuable food items. They 
contacted the items quickly, but reduced time spent near conspecifics, where 
theft could occur. Taken together, our experiments demonstrate that Carib 
grackles are sensitive to the presence of conspecifics, and adjust their feeding 
behaviour accordingly.  
Although dunking reduces handling time and eases ingestion of hard food 
items (Morand-Ferron et al., 2004; Morand-Ferron et al., 2006), the presence of 
others appears to drive individuals to use less risky but less efficient ways of 
breaking up these items. The birds in our experiment were not under any 
immediate threat of kleptoparasitism, because the social group could not enter 
the test cage. However, our birds are unlikely to have experienced a situation in 
which conspecifics are able to watch and to approach, but not to steal in the wild. 
Thus our focal birds may have perceived the others as a source of risk. However, 
we designed our study in a way that eliminated any direct interference and 
permitted all focal subjects an equal opportunity to innovate, allowing an 
unbiased comparison between isolated subjects and those watched by 
conspecifics. We can only presume that social effects would have been even 
stronger had the conspecifics comprising the social group been able to reach the 
focal bird.  
This study confirms field observations in which wild Carib grackles 
reduce rates of dunking when foraging group size is larger (Morand-Ferron et al., 
2004; 2006). Our results show that Carib grackles are sensitive to potential risks 
when they dunk food, much in the same way as western scrub jays (Aphelocoma 
californica), ravens (Corvus corax), and mountain chickadees (Poecile gambeli) 
adjust their food caching behaviour when potential pilferers are nearby (Bugnyar 
and Kotrschal, 2004; Clayton et al., 2007; Pravosudov, 2008). Although Carib 
grackles are not closely related to scrub jays, ravens, or chickadees, they share 
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several attributes with these species. They are opportunistic, flexible species, are 
highly social, and have relatively large brains for their body size (Lefebvre et al., 
1997b; Chapter 2). The food-caching paradigm has proven to be an elegant 
system in which to test hypotheses about the limits of avian cognition (Clayton et 
al., 2003; Clayton et al., 2005; Dally et al., 2006). By expanding these questions 
to other species and foraging behaviours, we can ask general questions about the 
role of specific environmental and social pressures in shaping the evolution of 
cognition (Emery et al., 2007).  
If big brains allow animals to innovate and to live in social groups, but 
social groups repress innovation, a trade-off may emerge between the benefits of 
finding and eating novel foods and the benefits of feeding in a group. We would 
predict that animals adjust their behaviour according to these costs and benefits. 
Group-living can offer anti-predator benefits to individuals, either through 
warning systems (the “many eyes” hypothesis) or dilution of risk (Lima and Dill, 
1990). Carib grackles respond quickly to alarm calls of conspecifics, and will 
join together to mob predators (Griffin and Galef, 2005). Although benefits of 
group-feeding have not been quantified for this species, it seems likely that being 
with others affords some protection against predators. Thus, we would predict 
that when predation risks are lower and theft risks are higher, an individual may 
forage alone and innovate. On the other hand, when predation risks are high, it 
may be better to forage with the group and focus less on novel foraging 
techniques. Thus, the interaction between social foraging pressures, predation 
risk, and the value of new food items may determine the proportion of innovators 
found in any given population. An interesting possibility for future studies would 
be to investigate the effect of conformity on the emergence of innovative feeding 
behaviour (Day et al., 2001; Whiten et al., 2005). This could be tested on Carib 
grackles in the field by comparing the range of foraging techniques used by 
individuals feeding in groups with the same individuals feeding alone.  
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Figures 
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Figure 1. The innovation tasks: In experiment 1, birds removed a black foam lid from 
task (B) or pecked through the aluminum foil lid of task (C). In experiment 2, birds 
opened the lid of hinged task (A), or removed the cap, either by holding the handle or 
flipping the lid with their bills, of task (D).  
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(A) 
 
(B) 
 
Figure 2. Experiment 1: Group means of (A) time to contact the tasks, and (B) problem-
solving efficiency (the time to open the task after first contact) during playback of alarm 
calls and control sound (N = 15). Note that means of raw data (+ SE) are shown here; 
paired t-tests were carried out on log-transformed data.
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Figure 3. Design of experiment 1. Each individual was given task A in the control 
condition. Individuals were then either transferred to the solitary or social test condition. 
Performance on task B in the test condition was then compared to performance on task 
A in the control.  
 	  
187 
(A)
 
(B) 
 
 
Figure 4. Experiment 2: Group means of the difference in (A) trials to contact the task, 
and (B) trials to open the task between control and test trials for birds transferred to the 
solitary (N = 18) and social (N = 17) test conditions. Birds transferred to the social 
condition showed a significant increase in the number of trials required to first contact 
the task, but all other differences were NS. Nonparametric tests were carried out on raw 
data. 
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Figure 5. Experiment 3: Group means of differences in dunking behaviour between 
control and test trials in (A) total time spent dunking, and (B) length of longest dunk for 
birds transferred to the solitary (N = 18) and social (N = 15) conditions. Only birds 
transferred to the social condition showed a significant difference between control and 
test trials. Note that means of raw data (+ SE) are shown here; paired t-tests were carried 
out on log-transformed data.
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Figure 6. Experiment 3: Group means of (A) number of dunks, (B) total time spent 
dunking, (C) length of longest dunk (+ SE) when focal subjects in the social condition 
were near to or far from watching conspecifics (N = 12). These measures were 
significantly greater in t he far condition. Note that means of raw data (+ SE) are shown 
here; paired t-tests were carried out on log-transformed data.  
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Connecting Statement 
 
In Chapter 5, I found that Carib grackles are slower to solve novel foraging tasks 
when conspecifics are nearby. In that chapter’s study, I used a repeated measures 
approach to control for the fact that individuals differed in how quickly they 
solved novel problems. In the final chapter of this thesis, I use this individual 
variation as a tool to better understand the process of innovation in these birds.  
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Innovative foraging behaviour in birds: what characterizes an innovator? 
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Abstract 
The ability to innovate (to invent new behaviour patterns or modify existing 
ones) can benefit individuals by providing a means to access new food sources. 
Although foraging innovations have been observed in a wide variety of species, 
little is known about how novel behaviour patterns emerge or why individuals 
differ in their propensity to innovate. Here, we investigate these questions by 
presenting 36 wild-caught adult male Carib grackles (Quiscalus lugubris) with a 
novel problem-solving task. Twenty birds solved the task (“innovators”) while 
16 did not (“non-innovators”). We compared these two groups with each other, 
and we also explored variation in latency to solve the task within the innovators 
to test whether innovativeness was associated with differences in morphology or 
behavioural traits such as latency to feed following disturbance and fear of novel 
objects (object neophobia). We also analyzed videos of innovation attempts in 
order to examine the process of innovation for all birds. There was no 
relationship between morphology and innovativeness. Innovators had higher 
exploration scores and lower object neophobia scores than non-innovators. There 
was also a marked difference in the way individuals interacted with the novel 
task: when innovators contacted the correct part of the task, they continued to 
focus their attention on this area until they solved the problem. Non-innovators 
often contacted the correct part of the apparatus, but did not persist in focusing 
on this area. We discuss our results as they relate to factors maintaining 
individual differences within a population and potential psychological processes 
underlying innovation.  
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Introduction 
Animals sometimes invent new behaviour patterns or modify existing ones in 
their quest to find food (Reader and Laland, 2003). Behavioural innovation has 
been observed in many taxa (e.g. Kummer and Goodall, 1985; Reader and 
Laland, 2002; Sargeant et al., 2005), and the ornithological literature is 
particularly rich with examples of foraging innovations (Lefebvre et al., 1998; 
Lefebvre et al., 2004; Lefebvre et al., 1997) that range from eating a new type of 
food (Bellbirds, Anthornus melanura, eating strawberries: Sibson, 1993) to 
inventing novel techniques to access food (House sparrows, Passer domesticus, 
flying in front of an automatic sensor to open a door: Breitwisch and Breitwisch, 
1991) and even using tools (Green jays, Cyanocorax yncas, using twigs to pry 
insects out of bark: Gayou, 1982). Foraging innovation provides a means for 
animals to take advantage of new opportunities in the environment and is 
considered a key component of behavioural flexibility (Reader and Laland, 
2003).  
In birds, residual brain size is positively correlated with the number of 
innovation reports recorded in the literature (after correction for confounding 
variables such as research effort), suggesting that cognitive capacity facilitates 
(or limits) the ability to innovate (Nicolakakis and Lefebvre, 2000; Overington et 
al., 2009b; Chapters 1 and 3). Local innovation followed by social learning can 
lead to behavioural divergence between populations (Biro et al., 2003; Hunt, 
2000), or even to increased rates of speciation (Nicolakakis et al., 2003; Sol et 
al., 2005c; Wyles et al., 1983). Innovativeness is also positively correlated with 
colonization success in birds (Sol et al., 2005a). While innovation appears to be a 
form of behaviour with ecological and evolutionary consequences, we know very 
little about how novel behaviour patterns emerge (Clayton, 2004). The rare and 
spontaneous nature of innovation means that most reports from the field are 
anecdotal. These anecdotes have proven useful for comparative studies (Lefebvre 
et al., 1997; Reader and Laland, 2002; Sol et al., 2005a), but unless a great deal is 
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known about the study populations, the anecdotes rarely contain enough 
information to examine the behavioural or cognitive processes through which the 
novel behaviour originated (van Schaik et al., 2006).  
Behavioural studies of captive animals can offer a partial solution to this 
problem. One approach is to induce innovation by presenting individuals (or 
groups of individuals) with a novel problem, and to then work backwards to 
understand what characterizes the individuals that solved the problem and the 
approach used to solve it. Experimental studies in captivity using this approach 
have found that individuals vary in their performance on innovation and other 
learning tasks, although the reasons for these differences are not always clear 
(Biondi et al., 2008; Fragaszy and Visalberghi, 1990; Gajdon et al., 2006; Range 
et al., 2006; Seibt and Wickler, 2006). However, a few studies have identified 
traits that characterize innovators within animal populations. For example, 
Laland and Reader (1999a) placed groups of guppies (Poecilia reticulata) into a 
maze and found that the first fish to arrive at the food reward (the innovator) was 
most often female, small, and food-deprived. Boogert et al. (2008) presented 
groups of starlings (Sturnus vulgaris) with six foraging tasks that all opened in 
different ways and found that the first bird to solve the problems (the innovator) 
was usually the least neophobic and the most socially dominant bird. 
Innovativeness was also correlated with birds’ performance on an individual 
learning task outside the group. Similarly, Bouchard et al. (2007) found that the 
fastest innovators were the least neophobic and the fastest on social learning 
tasks. These studies suggest a possible role of morphological traits (size), 
behavioural traits (neophobia, dominance), and cognitive traits (learning) in 
innovation. However, the process by which innovators arrive at a novel solution 
has received comparatively little attention.  
In this study, we extend the approach of previous work in order to 
understand innovative behaviour in an opportunistic, innovative, large-brained 
bird species, the Carib grackle (Quiscalus lugubris). We provide wild-caught 
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individuals with novel foraging tasks in order to achieve two main goals: (1) to 
determine whether there are particular traits that distinguish successful 
innovators from non-innovators, and (2) to quantify the behavioural differences 
between innovators and non-innovators when they interact with a novel task, 
with the aim of better understanding the process of innovation in successful 
birds.  
We look at three potential predictors of innovation. First, we ask if 
successful birds have morphological traits that make them better able to 
physically deal with novel tasks. Performance limitations based on 
morphological differences could reveal specific technical challenges of 
performing a new task. A relationship between morphology and innovation 
might also suggest that differences in innovativeness are driven by selection for 
physical characteristics that are important in other contexts, such as mating and 
food competition.  
Second, we ask if innovators are characterized by a particular set of 
behavioural traits. This hypothesis draws partly on research on human creativity 
(Simonton, 2003; Sternberg, 2006; Sternberg and Lubart, 1999), which has 
identified some behavioural traits associated with high levels of creativity, such 
as “willingness to overcome obstacles” and “willingness to take sensible risks” 
(Sternberg, 2006). In this study, we test whether innovators and non-innovators 
differ in aggressiveness, latency to feed following disturbance, exploration, 
and/or response to novelty (Greenberg, 2003; Mettke-Hofmann, 2007). We also 
look for positive correlations between these measures to determine whether these 
traits form one or more behavioural syndromes (Dingemanse and Reale, 2005; 
Sih et al., 2004) in our birds. In addition to identifying behaviour that may be 
important for innovation, the existence of an innovative behavioural syndrome 
could help explain individual variation from an evolutionary standpoint. The 
selective advantages of different behavioural types may depend on fluctuating 
forces such as predation risk (Reale and Festa-Bianchet, 2003) or different 
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emphasis on future and current reproduction (Wolf et al., 2007). Thus, if 
innovation is part of a larger suite of individual traits, natural selection may 
favour the maintenance of individual differences within our population.  
Finally, we ask if innovators differ from non-innovators in the way they 
interact with a novel task. In animal cognition research, a common approach to 
understanding the way in which an individual solves a new problem is to focus 
on the number and type of errors made (Huber and Gajdon 2006; Seed et al., 
2008; Visalberghi and Limongelli 1994). Studies of innovation are limited by the 
fact that, by definition, each individual only solves a task for the first time once. 
Thus, we compare the motor acts directed at the task between birds that are 
successful and those that are not.  
 
Methods 
Study Species 
The Carib grackle is a medium sized passerine that is well suited to research on 
innovation. In Barbados, Carib grackles readily incorporate new food into their 
diets, particularly from anthropogenic sources (Jaramillo and Burke, 1999; 
Morand-Ferron et al., 2004). They habituate quickly to captivity, and will 
attempt and solve foraging tasks within a few days of capture (Webster and 
Lefebvre, 2001). Comparative work also highlights the Carib grackle as a good 
study species; among North American Passeriformes, the genus Quiscalus has 
the second-highest number of innovation reports after Corvus (Lefebvre and Sol, 
2008; Webster and Lefebvre, 2001). In addition, recent work suggests that the 
Carib grackle has the largest residual brain size of 30 closely related species 
within the family Icteridae (Chapter 2). Previous work with this species (Reader 
and Lefebvre, unpublished data) has demonstrated a high level of consistency in 
performance on different innovation tasks, suggesting that there are individual- 
level differences in innovativeness.  
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Subjects and Housing  
Some studies have pointed to possible sex differences in innovation (Laland and 
Reader, 1999a, b). In order to have the largest possible sample size to focus on 
our variables of interest (morphology, behaviour, and cognition) without the 
potentially confounding effects of sex, we used only adult male Carib grackles. 
Thirty-six individuals were captured between February and May 2007 in baited 
walk-in traps (1 x 0.55 x 0.55 m) on the grounds of the Bellairs Research 
Institute of McGill University, St James, Barbados. DNA analysis of birds from 
this population, including a subset of our experimental birds, confirmed that we 
identified large males with 100% accuracy (Appendix 3).  DNA was analysed 
using the methods described in Griffiths et al. (1998), and was done by Rémi 
Wattier at the Université de Bourgogne, France. Upon capture, we weighed and 
measured each individual, and fit him with a unique combination of coloured 
aluminium bands (A.C. Hughes Ltd., U.K.). We put birds into individual cages 
(2.25 x 2.15 x 0.76 m) in a large outdoor aviary where up to 12 birds were kept at 
any one time. Cages were separated from each other by opaque plastic sheets and 
subjects were visually but not acoustically isolated from one another. Water was 
available ad libitum throughout the experimental period. Food (soaked, crushed 
dog pellets and cooked rice) was provided ad libitum for the first two days in 
captivity, and for at least 3 hours after testing on days where we conducted 
experiments. Midday and overnight food deprivation began on the third day in 
captivity, as detailed below. The experiments described in this paper were done 
in the first 6 to 8 days of captivity. Birds were kept for a maximum of 14 days to 
complete further behavioural experiments, and were then released near their site 
of capture. We observed several of our experimental birds successfully nesting 
and raising young within weeks of their release. All experiments were conducted 
according to Animal Use Protocol 5123, approved by the McGill University 
Animal Care Committee.  
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Individual measures 
MORPHOLOGY  
For each individual, we measured unflattened wing chord to the nearest 0.5 mm 
using a raised-edge ruler, and tail length (the longest rectrix) to the nearest 0.5 
mm using a transparent ruler. Using callipers, we measured bill length (from the 
tip to the anterior edge of the nostril), bill width (at the anterior end of the nostril) 
and metatarsus length (from the intertarsal joint to the last scale before the toes) 
to the nearest 0.05 mm. Our measures were carried out following Pyle (1997) 
and with the help of a local ornithologist (Martin Frost) familiar with our species. 
Morphological measures were taken by three experimenters (SEO, LC and 
KAC). In the context of a more detailed study of Carib grackle morphology, we 
found that repeatability of measurements was high in all cases (ICC ≥ 71.81, 
P≤0.05, Appendix 3).  We weighed each individual to the nearest 0.1 g using an 
electronic scale. We then used a principal component analysis (with varimax 
rotation) to extract a measure of size for each individual, and calculated body 
condition as a bird’s residual weight given its size (Jakob et al., 1996; Sol et al., 
2005b). Blood samples were taken from some birds after all experiments were 
completed (see Appendix 3 for methods).  
 
BEHAVIOURAL MEASURES 
We took seven behavioural measures on each individual from the moment it was 
captured to the day before it was given the innovation problem (summarized in 
Table 1). 
  (1) Aggressiveness in hand: we gave each bird an overall score for their 
aggressiveness during measurement and banding. We gave a minimum score of 0 
for a bird that did not move at all while being handled, 1 for a bird that moved in 
hand but did not resist handling, 2 for a moderately agitated bird that resisted 
handling, 3 for an agitated bird that tried to escape from the hand and used claws 
on the experimenter, 4 for a very agitated bird that used claws and bit the 
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experimenter, and a maximum score of 5 for a very aggressive bird who tried to 
escape, and used both claws and biting on the experimenter. Two individuals 
were not scored on this measure (1 innovator, 1 non-innovator).  
 (2,3) Activity and exploration of a new cage: once birds had been 
measured, weighed, and banded, we transferred them into individual cages in the 
aviary and immediately took a measure of their activity. One experimenter 
released the individual through a door at the back of the cage, while the 
observing experimenter watched through a small hole in a hide 2 m from the 
front of the cage. Each aviary cage was divided into 10 sections with white paint 
on the floor and walls. The observer noted the number of different squares an 
individual entered within the first five minutes after release into the cage 
(exploration), and the total number of movements between squares of the cage 
(activity). 
 (4,5) Latency to feed following disturbance (x2): on the second and third 
day in captivity, we recorded the length of time it took each grackle to eat from 
their food dish after it had been removed and replaced by an experimenter on two 
successive days. Our test is similar to the startle test used in studies of Great tits, 
Parus major (van Oers et al., 2004), as well as measures of boldness in sheep, 
measured as the willingness to re-enter a trap (Reale and Festa-Bianchet, 2003).  
All of these tests measure the amount of time an individual takes to return to a 
food source in an area that previously held some risk (in our case, the 
experimenter’s presence near the door of the cage). We removed food one hour 
before each trial began. We then placed the food dish containing the regular food 
(cooked rice and crushed dog food pellets) back into the cage, and recorded the 
latency to descend to the floor of the cage (birds were usually on the large perch 
provided), the latency to enter the area of the cage containing food, and the 
latency to eat for the first time. Because these latency measures were all closely 
correlated, we used the latency to eat in each trial as the score for each bird. 
Maximum time allowed was 15 minutes.  
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 (6,7) Neophobia (x2): In the mornings of the fifth and sixth days in 
captivity, we measured the latency for individuals to eat when a novel object was 
placed beside their food dish. After overnight food deprivation, birds were first 
given a dish containing their usual food. We allowed individuals to eat for 10 
seconds to ensure that they were motivated, then removed their food and waited 
one minute for the second trial. All birds ate almost immediately in this first trial. 
In the second trial, we placed one of the novel objects beside the food dish, and 
recorded the latency to descend to the floor of the cage, to enter in the focal 
square surrounding the box, and to eat. We used a different object for each of the 
two neophobia trials. The first object was a bright orange rubber ball with three 
nails stuck into the sides (blunt side out) to prevent it from moving in the cage. 
The second object was a multicoloured ball with spikes attached to a black film 
canister. Objects were presented in the same order to all birds. In pilot studies 
with these objects, we found that they produced a sufficient response to be able 
to quantify differences between individual responses during relatively short (5 
minute) trials. The latency to eat next to the novel object was used as the 
“neophobia score” for each bird. We included the scores for neophobia trials 1 
and 2 separately in our analyses.  
  
PROBLEM-SOLVING 
On the sixth day in captivity, we tested each bird for innovative problem-solving. 
We presented individuals with a novel foraging task, a transparent hinged box 
(Fig. 1A). The visible food reward, soaked and crushed dog food, was placed in 
the centre of the box. Individuals had to open the hinged box in order to reach the 
reward. For each trial, we recorded the latency to contact, open and eat from the 
problem-solving box. We considered “success” to be whenever the bird first ate a 
piece of food from inside the box. Each presentation of the box lasted up to five 
minutes, and was separated from the preceding presentation by at least 30 
minutes. Birds were given up to five attempts on the morning of day six (trials 1 
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to 5), six attempts on the morning of day seven (trials 6 to 11), and five attempts 
in the afternoon of day seven (trials 12 to 16). On the ninth trial (morning of day 
seven), we shaped birds by giving them the open box to eat from immediately 
before each trial. All birds ate from the open box within one minute of 
presentation, and we let them eat from the box for 10 seconds. We continued this 
procedure for the remaining trials. Our innovation task involves the removal of a 
lid, and the primary cue that leads to solving it is movement of this lid. Pilot 
studies with Carib grackles indicated that manipulating the degree to which the 
lid could move (while controlling for the difficulty of opening the box) affected 
how quickly birds could solve a new task. Therefore, we focused on differences 
between innovators and non-innovators in their initiation and response to 
movement of the lid during the task. All innovation trials were video-recorded 
using a Panasonic PV-GS400 Digital Palmcorder® attached to an Audio-
Technica At815b shotgun microphone.  
 
LEARNING 
30 to 60 minutes after an innovator had solved the task for the first time, we 
conducted learning trials. We presented the bird with the task five times in quick 
succession. Each presentation lasted until the bird had opened the box or a 
maximum of five minutes had passed and was separated by the next presentation 
by one minute. In each trial, we recorded the latency to contact the box and open 
the box. We calculated the speed with which individuals solved the task by 
subtracting the latency to solve the task from the latency to contact it, thus 
focusing only on the bird’s efficiency while eliminating differences in the time to 
approach the task. As a measure of learning, we calculated the average time in 
seconds it took an individual to solve the task within the five learning trials. 
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VIDEO ANALYSIS  
We scored up to three trials for each bird. For all birds, we scored the first and 
last trials in which they contacted the problem-solving box (eating for successful 
birds, giving up for unsuccessful ones). For birds that did not solve the task 
before trial nine, we also scored the final trial in which they contacted the box 
before shaping. In some cases, two or three of these trials overlapped. For 
instance, some birds solved the task on the first trial, and it was therefore counted 
as both the “first” and “last” trial. We scored videos using JWatcher Version 1.0 
(Blumstein et al., 2000). Due to technical problems with videos, we were able to 
score only 34 of 36 first trials and 33 of 36 last trials for our birds, as well as 30 
of 36 of the final trials before shaping (though the innovators never required 
shaping, and this was therefore the same as the final trial for these birds). 
Extensive video observations suggested that only sideways probes directed at the 
edge of the lid caused it to move and eventually pivot on its hinge, yielding 
access to the food (Fig. 1C). In contrast, downward pecks or probes directed at 
the center of the lid, the part under which the visible food was placed, did not 
cause movement and never led to opening (Fig. 1B). We therefore focused on the 
location of probes in our video analyses. For each trial, we recorded each time 
the bird probed the innovation box with its bill, and whether each probe was 
followed by another probe that caused the lid to move sideways (1) or not (0; 
Fig. 1B, C). For each bird, we expressed the rate of movement-causing probes as 
a cumulative function with successive probe numbers on the X axis and summed 
correct probes on the Y axis. For example, if an individual probed the box 10 
times, the first three probes being aimed at the center of the lid, not causing 
movement, and the next seven at the sides, causing movement, the cumulative 
function for that bird would read 0-0-0-1-2-3-4-5-6-7 on the Y axis. The 
cumulative response functions for each bird on its first and last trial 
approximated linear functions (examples in Fig. 3); in all cases, data were 
significantly accounted for by a linear function (P < 0.01) using the curve 
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estimation algorithm in SPSS 16.0 (SPSS, Inc). While the quadratic function 
provided a marginally higher R2 value for a few birds, the linear function allowed 
us to have a single value, the slope parameter, to compare individuals. Videos 
were scored by two experimenters after confirming that agreement was 100% on 
whether a probe could be classified as causing movement (1) or not (0). We 
tested the reliability of our movement scores against a third observer who was 
blind to the hypothesis. This observer scored five videos, and inter-rater 
reliability was high (R2 = 0.98).  
 
Results 
In the innovation trials, 20 birds opened the box within the first eight trials 
(“innovators”), while 16 did not (“non-innovators”). In trials 9 to 16, we shaped 
individuals by allowing them to eat from the open box before each test trial, 
although we never opened the box in view of the birds. Nine birds opened the 
box during these trials preceded by shaping (trials 9-16; “shaped non-
innovators”). The seven remaining birds did not solve at all even after shaping 
(Fig 2; “true non-innovators”). Grackles thus showed sufficient individual 
variation in problem-solving for us to test which of our three potential predictors 
(morphology, individual traits, response to task cues) differed between successful 
and unsuccessful birds. Whenever possible, we also tested our predictions using 
continuous variation in how quickly innovators solved the task.  
 
Are innovators morphologically different from non-innovators? 
The six morphological measures we took loaded onto two main factors in our 
Principal Components Analysis that together explained 61 % of the variance in 
our sample. Factor 1 included the length of the tail, wings, and tarsi, as well as 
bill width and explained 41 % of the variance. Tail shape and bill length loaded 
onto Factor 2 and explained 20 % of the variance. There were no significant 
morphological differences between innovators and non-innovators for either 
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measure of size (two-sample t tests: Factor 1: t34= - 1.7, P = 0.099; Factor 2: t34= 
1.06, P = 0.296) or for body weight (t34= - 0.775, P = 0.444). We calculated body 
condition as the Studentized residual from a linear regression of size vs. weight. 
In this calculation we used Factor 1 as a measure of body size because it 
explained a greater percentage of the variance and included the measures more 
traditionally used to represent body size (Jakob et al., 1996). There was no 
difference in body condition between innovators and non-innovators  (t34= - 
1.729, P = 0.093).  
 
Are innovators faster to feed after disturbance and/or more exploratory than 
non-innovators? 
There was individual variation for all behavioural measures. Individuals scored 
between 1 and 5 for aggressiveness in hand. When activity was measured upon 
release in the new cage, birds entered between 1 and 9 of the 10 possible squares 
(Mean + SE: 4.3 + 0.32 squares), with 1 to 32 separate movements between 
squares (Mean + SE: 12.7 + 1.4 movements). In the first latency to feed 
following disturbance trial, latency to eat ranged from 0 seconds (i.e. ate before 
the experimenter closed the cage door) to 901 seconds (i.e. reached the time limit 
of the trial without eating; Mean + SE: 347 + 59 sec). In the second trial, birds 
took between 1 and 901 seconds to eat from the dish (Mean + SE: 228 + 51 sec). 
In both neophobia trials, latency to eat beside the novel objects ranged from 0 to 
301 seconds, where 301 meant the individual did not eat during the trial. The 
mean latency to eat was lower with the first neophobia object than it was with the 
second one (Neophobia trial 1, mean + SE: 50 + 12 seconds; Neophobia trial 2: 
124 + 20 seconds). 
 Measures for latency to feed following disturbance and neophobia were 
consistent across individuals over time. We estimated the variables twice for 
each of our subjects, and individual rank across the 36 test subjects was 
correlated on these repeated tests. Individual ranks for the two measures of 
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latency to feed following disturbance were correlated (Pearson correlation test: ρ 
= 0.367, N = 36, P = 0.028). Similarly, individual rank was positively correlated 
for neophobia measures 1 and 2 (Pearson correlation test: ρ = 0.620, N = 36, P < 
0.001).  
 We carried out a Principal Components Analysis (with varimax rotation) 
to determine whether our seven behavioural variables (exploration, latency to 
feed following disturbance 1 and 2, innovativeness, and neophobia 1 and 2) 
could be reduced to a smaller number of factors for comparison between 
innovators and non-innovators. Based on the Kaiser-Guttman rule (Kaiser 1991) 
and visual inspection of the scree plot, we retained two factors that together 
explained 57% of the variance in our sample. Aggressiveness in hand and latency 
to feed following distrubance loaded negatively onto component 1. Individuals 
with high PCA 1 scores thus showed the lowest levels of aggression in hand and 
were slower to approach their food dish; we tentatively named this PCA factor 
“shyness”. Activity and exploration of the cage loaded positively and both 
neophobia scores loaded negatively onto component two. Individuals with high 
PCA 2 scores explored more of their cages and approached novel objects more 
quickly than those with lower scores, and we refer to this PCA score as 
“exploratory tendency”. We tested whether innovators and non-innovators 
differed in shyness or exploratory tendency using a logistic regression. We found 
no difference in shyness between innovators and non-innovators (Z = -0.420, P = 
0.675, N = 34), but innovators did have a greater exploratory tendency than non-
innovators (Z = 2.195, P = 0.028, N = 34; Fig. 4).  
 
Do innovators differ from non-innovators in the way they respond to task cues? 
For 28 of our 34 videotaped subjects, their first probe of the box was an incorrect 
one directed at the center of the lid, the area under which the food was visible. 
On average, the next 8 probes (range 0 – 66) were also directed at the centre of 
the lid covering the food. The number of probes directed at the side of the dish 
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and causing movement of the lid increased over the next probes, leading to 
differences between individuals in the slope of the cumulative response function. 
Visual inspection of these plots showed a clear difference between successful 
and unsuccessful birds (e.g. Fig. 3). Of the 27 birds that solved the task before (N 
= 19) or after (N = 8) shaping, most showed the progressive increase in pecks at 
the correct part of the lid. Five individuals showed a sharp jump in correct pecks. 
In these trials, individuals repeatedly pecked on the lid incorrectly (between 5 
and 38 times) before suddenly changing their behaviour to pecks in the correct 
area (1 to 5 times) before solving the task.  
On their very first trial in contact with the box, innovators had 
significantly higher slopes than non-innovators on the cumulative “correct” 
response function, meaning that they repeatedly contacted the lid of the box and 
caused it to move (Mean + SE for innovators: 0.37 + 0.09, for non-innovators: 
0.09 + 0.05; U=90.4, P = 0.043, Fig. 3A). Within the non-innovators, there was 
no significant difference in the response function between shaped non-innovators 
and true non-innovators (U=27, P = 0.88; Fig. 5A). In the final trial before 
shaping, in which innovators solved the task and non-innovators did not, the 
difference in slopes was much greater (Mean + SE for innovators: 0.74 + 0.08, 
for non-innovators: 0.01 + 0.05; U=207, P < 0.0001; Fig. 5B). After shaping, 
shaped non-innovators solved the task, while true non-innovators did not. We 
compared the movement scores for the successful solving trial for innovators and 
shaped non-innovators, and there was no difference between them (Mean + SE 
for innovators: 0.74 + 0.08; for shaped non-innovators: 0.68 + 0.13; U = 82.5, P 
= 0.723, N = 27). When we combined the innovators and shaped non-innovators 
and compared their final trial to the final trial for true non-innovators, there was a 
significant difference in the slope of the cumulative response function (Mean + 
SE for innovators and shaped non-innovators: 0.72 + 0.07, for true non-
innovators: 0.18 + 0.17; U = 25, P = 0.008, N = 33 Fig. 5C).  
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Variation among innovators 
Within our innovator group, individuals varied in how quickly they solved the 
novel task. We tested each of our possible predictors of innovativeness with 
these subjects using the trial in which they solved the task as a continuous 
measure of innovativeness. We used general linear mixed models with individual 
ID as a random effect and removed nonsignificant predictors in a stepwise 
fashion. There was no relationship between innovativeness and body weight (t18 
= -0.61, P = 0.550, N = 20) or any other measure of morphology (Factor 1: t16 =  
0.267, P = 0.792; Factor 2: t16 = -0.966, P = 0.350; body condition: t16 = -0.346, P 
= 0.7336, N = 20). Body weight was not included in the latter model because it 
was highly collinear with other measures of size. In a second analysis, we 
included PCA scores of behavioural measures, movement scores, and learning 
efficiency as explanatory variables with ‘trial when innovated’ as the response. 
PCA scores of behavioural measures did not contribute to the variance in 
innovation (t10 = 0.534, P = 0.605; t10 = -0.108, P = 0.916, N = 16), and we 
removed them from the model. In the final model, learning and the slope of the 
cumulative response function contributed significantly to the variance in 
innovation (Table 2).  
 
Discussion 
In this study, we used individual differences in morphology, aggressiveness, 
neophobia, exploration and interaction with a novel task to understand the 
characteristics of an innovative Carib grackle. Individuals varied greatly in how 
quickly they solved the innovation task. Twenty of 36 subjects solved the task on 
their own without any shaping. Many of the unsuccessful birds continued to 
contact and interact with the task, but were never able to open the lid to get to the 
food reward. Why did some birds never succeed, despite ongoing interaction 
with the novel task?  
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Our results suggest that a positive response to novelty, along with 
attention to lid movement cues and persistence in following up on these cues 
may all contribute to individual differences in innovation in this species. 
Whereas there were no significant morphological differences between innovators 
and non-innovators, innovators explored more and were less neophobic than non-
innovators. A primary goal of our study was to quantify the process of 
innovation. In doing so, we found that innovators and non-innovators differed in 
the way they responded to feedback cues from the innovation task. This result 
extended into the innovator group, explaining a significant portion of the 
variance in how quickly innovators solved the task.  
Among innovators, individuals that were the fastest to innovate were also 
the most efficient learners. Although we did not explicitly test the psychological 
processes involved in innovation, this result combined with the difference in the 
slope of the response function between innovators and non-innovators suggests 
that associative learning could play a role. In the wild, Carib grackles often 
forage on the ground, turning over leaves and bark to uncover insects hidden 
underneath. In this foraging technique, movement of the leaf or bark is a positive 
cue that precedes food discovery. Although our problem-solving task looks quite 
unlike a leaf or piece of bark, grackles may have learned to treat movement as a 
positive cue through associative learning. Thus, once they overcame their initial 
hesitancy to contact the novel task, they may have recognized the positive 
movement cues and generalized from their own previous foraging experience. 
This application of pre-existing knowledge to a new problem is one possible 
route to innovation (Kummer and Goodall, 1985; Russon et al., 2010).  
 The degree to which movement acted as a positive cue appears to be a 
key difference between innovators and non-innovators in our study. Although 
many non-innovators caused the lid to move, they did not continue to contact this 
area. It may be that innovativeness is limited by an individual’s ability to 
generalize across different situations, and to recognize functional similarities 
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between a novel task and previous experiences. An interesting follow-up to our 
study would be to test whether innovators are indeed better at transferring skills 
learned across different learning tasks. It would also be useful to raise grackles in 
captivity to control for individual differences in prior experience with obstacle 
movement cues in the wild. However, the fact that all but five of the pecking 
type functions in our 29 successful birds showed a progressive increase in the 
rate of correct pecks argues against prior knowledge of the solution from field 
experience, which should produce an early sharp rise in correct pecks from the 
very first trial.  
Our data do not generally support the idea of innovation as ‘insight’ 
learning in all birds, but five subjects did appear to solve the task by abruptly 
shifting their focus to the correct area of the task, which suggests that insight 
may have played a role in the solution (Bowden et al., 2005; Heinrich and 
Bugnyar, 2005). Insight is said to occur when an individual overcomes incorrect 
behaviour or assumptions to form new connections relating to a problem 
(Kounios et al., 2006). The shift from repeated pecking on the top of the 
transparent box where visual cues are strongest followed by inhibition of this 
behaviour and a rapid shift to pecking on the side of the box could be consistent 
with this insight process. However, only one individual solved the task 
immediately after shifting his behaviour in this way. The other four birds that 
followed this general pattern interacted with the task for somewhat longer (3-5 
pecks) before solution, leaving time for feedback from the lid-movement cue. 
The majority of research on insight has focused on human behaviour, and has 
shown that the same task may be solved using both insight and non-insight 
processes (Bowden et al., 2005), which may be the case for our birds.  
It is possible that the difference between innovators and non-innovators 
lies at the level of cue perception, where innovators are more sensitive to 
movement in general. Our observations suggest this is unlikely, given that both 
innovators and non-innovators showed frequent startle responses to movement of 
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the lid. However, differences in perception could be tested empirically using 
simple associative learning tasks in which movement is associated with food 
sources, and determining whether innovators have a lower threshold for 
perceiving movement cues. Another possibility is that innovators are more adept 
at dividing their attention between two important pieces of information in this 
task: the location of the reward, and the movement of the lid that will lead to the 
reward. Behavioural experiments with blue jays (Cyanocitta cristata) have 
demonstrated that searching for two different cryptic prey items (i.e. dividing 
attention) reduced the overall detection rate of prey (Dukas and Kamil, 2001). 
Individual differences in the ability to focus on and integrate multiple pieces of 
information about the novel task may thus contribute to differences in solving 
success. By providing individuals with an open box (shaping), we may have 
increased the salience of the lid as a cue, thus making it easier to focus on both 
the lid and the food reward. More detailed experiments are needed to follow up 
on the cognitive processes underlying the individual differences in innovation in 
our birds.  
We measured a series of behavioural traits used in studies of 
temperament in animals, such as latency to feed following disturbance (Reale 
and Festa-Bianchet, 2003; Van Oers et al., 2004), and exploration of a novel 
space (Carere et al., 2005). Only novelty-related traits (exploration and 
neophobia) were associated with innovativeness for our birds. This finding is not 
surprising, given that innovation is associated with novelty by definition, and our 
result is consistent with studies showing that neophobia is negatively correlated 
with innovativeness, both within (Boogert et al., 2008; Bouchard et al., 2007) 
and between (Webster and Lefebvre, 2001) species. High exploration of the cage 
and low neophobia loaded onto a single PCA axis in our birds, but this need not 
be the case; Greenberg and Mettke-Hofmann (2001) have suggested that these 
two traits may vary independently. For example, low neophobia and high 
exploration should be expected for species that are island colonists. The Carib 
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grackle fits this pattern and has low neophobia and high exploration when 
compared to other species in Barbados (Webster and Lefebvre, 2001), but there 
is also intraspecific variation in both traits. If the relationships between 
neophobia, exploration and innovation that we found here are consistent across 
contexts, then fluctuation in the costs and benefits of innovation could maintain 
individual differences in behavioural traits. For example, neophilic, exploratory 
individuals will likely be the first to approach new food sources. When they do, 
they may benefit from getting a larger share of the resource. However, the novel 
food could lead to poisoning or disease (Bostic, 1966; Tizard, 2004), or may be 
in an area with a high density of predators. The costs and benefits of innovating 
in any given environment may fluctuate faster than an individual’s behavioural 
propensities can change, thus maintaining a mixture of innovators and non-
innovators within a single population at any point in time. In contrast, measures 
associated with reaction to humans (aggressiveness in hand and latency to feed 
following disturbance) loaded onto a single axis but did not differ between 
innovators and non-innovators. This is consistent with findings of a recent 
comparative study, where ‘urban exploiter’ bird species (i.e. species that thrive as 
urban commensals; Shochat et al., 2006) did not have elevated rates of 
innovation as compared to other species (Kark et al., 2007), suggesting that the 
ability to adjust to anthropogenic environments is not driven primarily by 
differences in behavioural flexibility.  
Individual birds used their bills to open the innovation task, but we did 
not find any differences in bill shape between innovators and non-innovators. 
Most birds used a technique known as “gaping” to open the innovation task. An 
individual would insert its bill between the bottom of the innovation task and the 
lid, and then open the bill forcefully, causing the lid to flip open at the hinge. The 
ability to gape is common to all Icteridae, the family to which grackles belong 
(Jaramillo and Burke, 1999). All Carib grackles therefore have the musculature 
required to solve the particular innovation task presented in this study.  
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 The fact that innovators and non-innovators did not differ significantly in 
weight or body condition can be interpreted in several ways. First, it suggests 
that differences in solving are not dependent on hunger-driven motivational 
differences between individuals. If problem-solving differences were only due to 
hunger level, birds in worse condition should be more motivated to get food, and 
therefore faster at solving. In the closely-related Boat-tailed grackle (Quiscalus 
major), weight and size of males is positively correlated with age (Poston, 1997). 
If the same relationship holds true for Carib grackles (a species for which little 
natural-history data exists), our result suggests that older males are not 
necessarily better at problem-solving. It would be interesting to test whether this 
remains true when grackles forage in wild flocks, where size could play a role in 
whether or not an individual bird has access to a novel food source. In starlings, 
for example, dominant individuals are more likely to be the first to contact a 
novel task (Boogert et al., 2008). This study was carried out when individuals 
were housed together, where the likelihood of innovation is influenced not only 
by an individual’s ability, but also by interaction with group-mates. Our result 
would suggest that if these same patterns were observed in Carib grackles, they 
would be driven directly by dominance and aggression, not necessarily by 
differences in abilities between individuals. We tested individuals alone in order 
to eliminate these social effects in our study, but social interactions likely play an 
important role in determining which individuals in a grackle flock will be the 
first to invent a new feeding behaviour. In a recent study using individuals from 
this same population, we found that innovation was slowed when individuals 
were observed by group-mates (Overington et al., 2009a; Chapter 5). In the wild, 
grackles steal food from each other and alter their behaviour depending on the 
social conditions (Morand-Ferron et al., 2006). Many innovative species, 
including the Carib grackle, are gregarious, and the costs and benefits of 
innovating should therefore depend not only on environmental factors (such as 
predictability or abundance of food), but also on the behaviour of other 
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individuals within the group (Overington et al., 2009a; Overington et al., 2008; 
Chapters 4 and 5). In a recent study of foraging innovation, Liker and Bókony 
(2009) found that wild sparrows feeding in larger groups attempted novel 
foraging tasks more often and solved them more quickly than those in smaller 
groups, again highlighting the role of the social environment on individual 
behaviour.   
Foraging innovation requires behavioural flexibility on the part of 
individuals. Although there appear to be consistent differences in solving latency 
across different tasks in this species (Reader and Lefebvre, unpublished data), 
and in other species, such as starlings (Boogert et al., 2008), it is likely that 
innovativeness is motivated not only by inherent abilities, but also the costs and 
benefits of a given task. For example, a behaviour that is observed very rarely in 
wild Carib grackles (dunking hard food in water to soften it) becomes very 
common when birds are brought into captivity (86 % of individuals perform the 
behaviour spontaneously: Morand-Ferron et al., 2004). Thus, the cut-off between 
innovators and non-innovators in our study would likely change as we changed 
the difficulty of the task, food-deprived birds for longer, or provided better food 
rewards, or put birds in a group of conspecifics.  
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Tables and Figures 
Table 1. Description of behavioural measures used in this study.  
   
Day(s) in captivity Name of test Description 
0 (immediately 
after capture) 
(1) Aggressiveness in hand Aggressiveness of bird 
toward experimenter when 
held in hand on a scale of 0 
(no movement) to 5 
(violently aggressive). 
1  (2) Activity  Number of movements 
between cage segments in a 
5-minute period. 
1  (3) Exploration Number of cage segments 
entered in a 5-minute 
period. 
2 and 3  (4) and (5) Latency to feed after 
disturbance  
Latency to eat from food 
dish after it was removed 
and replaced by 
experimenter. 
5 (6) Neophobia 1 Latency to eat from food 
dish when novel object 1 
was placed beside it. See 
Methods for description of 
objects. 
 
6 (7) Neophobia 2 Latency to eat from food 
dish when novel object 2 
was placed beside it.  
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Table 2. The final linear mixed-effects model with “trial when innovated” as 
response variable. Individual ID was included as a random effect in the model, N 
= 17.  
Fixed Effect Value SE t P 
Slope of the 
response 
function (last 
contact trial) 
2.86  1.03  2.75   0.0165 
Slope of the 
response 
function (first 
contact trial) 
-2.80 0.950  -2.95   0.0113 
Learning 
efficiency 
0.034 0.013  2.58   0.0231 
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Figure 1. (A) The innovation task, side view: a transparent, hinged box. In (B) 
and (C), task is drawn from the experimenter’s viewpoint; (B) Incorrect probe 
locations: probes of these parts of the task could never lead to solving it, and (C) 
Correct probe locations: probes of these parts of the task could lead to solving it. 
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Figure 2. Histogram of when birds first solved task. Birds that solved before 
shaping (trials 1 to 8; black columns) were considered “innovators”. Birds that 
solved the task after being shaped (trials 9 to 16; grey columns) were considered 
“shaped non-innovators” and those that never solved (17; white column) were 
“true non-innovators”. 
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(A) 
 
(B) 
 
 
Figure 3. The last trial when birds contacted the box, for (A) Individual YR, an 
innovator, and (B) Individual SK-Y, a non-innovator. Response functions are 
expressed for each bird by the slope of the linear regression; for YR, movement 
score is 0.903, for SK-Y movement score is 0.060.  
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Figure 4. Mean PCA scores (±SE) from behavioural measures for PCA1 
(“shyness”;  innovators,  non-innovators) and PCA2 (“exploratory 
tendency”,  innovators,  non-innovators). 
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(A) 
 
(B) 
 
(C) 
 
 
Figure 5. Average slopes of the response function (±SE) for birds in (A) the first 
contact trial, (B) the last trial before shaping, and (C) the last contact trial, for 
innovators (), shaped non-innovators () and true non-innovators ().  
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GENERAL CONCLUSION 
 
Birds are capable of an impressive array of innovative foraging behaviour, from 
eating novel food items (Schardien and Jackson, 1982) to dunking hard food in 
water to soften it (Morand-Ferron et al., 2004), using insects to bait fish (Preston 
et al., 1986), and even making and using tools (Gayou, 1982; Weir et al., 2002). 
The propensity to innovate is not distributed evenly across the avian phylogeny; 
some taxa innovate more often and perform a wider variety of innovations than 
others (Chapter 3). But can we say that there are particular characteristics of an 
innovative bird?  
Based on the results of this thesis, we can conclude that an innovator is 
likely to be a non-neophobic, exploratory individual who is persistent in using 
feedback from the environment (Chapter 6) away from conspecifics (Chapter 5). 
This individual belongs to a clade that is large-brained (Chapters 1 and 3), 
exploits a wide diversity of habitats (Chapter 1) and uses a diversity of foraging 
techniques (Chapter 3) to cope with resources that are unpredictable in space and 
time (Chapter 4).  
Much of this thesis focused on the Carib grackle. Grackles that solved the 
novel task in Chapter 6 (i.e. “innovators”) were the ones who explored the most, 
were the least neophobic and showed a higher rate of pecking at the part of the 
apparatus that moved and led to opening. Carib grackles are near the top of the 
brain size distribution in their clade (Chapter 2). They are gregarious habitat 
generalists (Chapter 2), displaying a mix of ecological and social traits that 
should be economically advantageous when resources are unpredictable in space 
and time (Chapter 4). In North America, the genus Quiscalus includes two 
species, Q. major and Q. quiscula, that respectively show three and four types of 
technical innovations, numbers that put them behind crows (Corvus) and 
magpies (Pica), but in the same range as the very innovative falcons (Falco), 
hawks (family Accipitridae) and gulls (family Laridae), and well ahead of the 
large-brained parrots (family Psittacidae) and woodpeckers (family Picidae; 
Chapter 3, Appendix 1). 
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This composite picture emerges from the two experimental studies, three 
comparative analyses and one model that make up this thesis. It is a picture that 
can be added to the individual and species-level factors that are already known to 
affect behavioural flexibility in birds: winter residence in seasonal environments 
(Sol et al., 2005), as well as the social (competition, theft) and environmental 
(travel, food quality) costs and benefits of the innovative behaviour (e.g. 
Morand-Ferron and Lefebvre, 2007; Morand-Ferron et al., 2006). My results also 
add to previous work demonstrating that innovativeness in birds is associated 
with low levels of neophobia (e.g. in five Barbadian species: Webster and 
Lefebvre, 2001; in pigeons: Bouchard et al., 2007; and in starlings: Boogert et 
al., 2008), and with faster learning (Boogert et al., 2008; Reader and Lefebvre, 
unpublished data), suggesting that these factors underpin innovation across many 
species of birds (Chapter 6). These results fit into the larger literature on 
innovation, including work in primates and fish, where neophilia (Day et al., 
2003), social rank (Reader and Laland, 2001), sex, size, and competitive ability 
(Laland and Reader, 1999a, b) all contribute to variation in innovativeness.  
 
The Ecological Intelligence Hypothesis 
The positive relationship I found between innovation rate and residual brain size 
(Chapters 1 and 3) supports the Ecological Intelligence Hypothesis. Surprisingly, 
a second prediction of this hypothesis, namely that residual brain size should 
correlate with ecological generalism, was not supported (Chapters 1, 2, 3). 
Furthermore, I found that technical innovations, but not dietary generalism, drive 
the relationship between innovativeness and residual brain size (Chapter 3), 
again emphasizing the importance of behavioural flexibility and downplaying the 
role of generalism as a factor associated with interspecific differences in brain 
size.  
The results of this thesis bring into question the notion of ecological 
generalism as a species trait. Species are often broadly labeled as specialists or 
generalists, but the definitions of these terms—and the way they are quantified—
vary greatly (Ferry-Graham et al., 2002). In Chapter 1, I measured habitat 
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generalism and diet breadth using categories of habitats/foods used by a species 
(Bennett and Harvey, 1985; Bennett and Owens, 2002). Habitat generalism and 
diet breadth were not correlated with one another, meaning that habitat 
generalists cannot necessarily be assumed to be diet generalists. In Chapter 2, I 
used a more complex ecological measure (niche breadth) to represent generalism. 
This technique integrates distribution data with a series of climate variables. An 
analysis within the grackles showed that this measure is not correlated with the 
categorical measure of habitat generalism used in Chapter 1, and therefore 
represents yet another aspect of generalism. Together, these results highlight the 
need for a review and critical analysis of ecological generalism to properly test 
the Ecological Intelligence Hypothesis. Theoretical work should strive to define 
terms that can be meaningfully quantified, and empirical work should aim to 
integrate measures of generalism and clarify the relationships between them.    
 
The Social Intelligence Hypothesis 
In several chapters, I pointed to the importance of integrating social and 
ecological factors that may play a role in cognition (Chapters 2, 4, 5). The Social 
Intelligence Hypothesis predicts a positive relationship between social 
complexity and cognitive capacity. A direct relationship between social group 
size and brain size has been demonstrated in a number of taxa, including 
primates (Dunbar, 2003), ungulates (Shultz and Dunbar, 2006), and carnivores 
(Perez-Barberia et al., 2007), but the relationship between cognition and group 
size remains unclear in comparative studies of birds (Beauchamp and Fernandez-
Juricic, 2004; Burish et al., 2004; Emery et al., 2007). In Chapter 2, I did not find 
any relationship between social group size and residual brain size in the grackles 
and allies. However, most of the species in this clade are social to some extent, 
with only Nesopsar nigerrimus considered to be truly solitary. Compared to a 
broader sampling across the phylogeny, grackles and allies have moderately 
positive residual brain size. Thus, the relationship between social structure and 
brain size may be better represented by variation further back in the avian 
phylogeny and not within this more recent diversification.  
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Another major challenge is finding a measure that properly represents 
social complexity across species. Group size has been used in some species, but 
recent work suggests that living in medium-sized groups might require the 
greatest cognitive capacity (Emery et al., 2007). In primates, accounts of both 
tactical deception and social learning have been systematically collected and 
seem to provide a relevant measure of social complexity (Byrne and Corp, 2004; 
Reader and Laland, 2002, Lefebvre, In Press). A recent analysis of a series of 
measures relating to sociality showed that social learning and tactical deception 
load onto the same principal component axis separate from group size (Reader et 
al., In Press), but along with other social and ecological measures of cognition. 
In birds, innovation rate provides an ecologically relevant, unbiased measure of 
behavioural flexibility that is available for hundreds of species. A useful next 
step would be to operationalize social complexity in much the same way.  
Some researchers have suggested that a species’ breeding system might 
be a useful way to characterize its social complexity, and that cooperative 
breeding in particular is associated with enlarged brain size in birds (Emery et 
al., 2007). However, this result is not robust across all clades (e.g. parvorder 
Corvida: Iwaniuk and Arnold, 2004). In the grackles and allies, there may be a 
relationship between brood parasitism and decreased brain size (Chapter 2) but 
the relationship is not independent of phylogeny. Integrating this trend with 
results from other clades may strengthen the finding. For example, brood 
parasitism is associated with decreased brain size in cuckoos (Boerner and 
Kruger, 2008), and a recent study showed that honeyguides, a brood parasitic 
clade that is closely related to large-brained woodpeckers, also have smaller than 
expected brain size (Iwaniuk et al., 2009). It is also important to consider that 
developmental mode is one of the strongest correlates of brain size in birds, with 
larger brained birds taking longer to develop (Iwaniuk and Nelson, 2003). Any 
relationship between breeding system and brain size must therefore consider the 
role of development in driving these differences.  
Although the relationship between cognition and social complexity has 
not been resolved across the avian phylogeny, many of the most innovative 
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species are known to be gregarious. The strongest evidence for the cognitive 
demands of social behaviour comes from studies demonstrating the complex 
cognitive abilities of social species, such as pinyon jays (Bond et al., 2003; 
Templeton et al., 1999), scrub jays (Clayton et al., 2007) and rooks (Seed et al., 
2008). In Chapter 5, I found that the presence of conspecifics slows innovation in 
grackles and reduces dunking, a behaviour that allows them to feed on hard food 
more efficiently. This result suggests that there might be a trade-off at a 
behavioural level between innovation and social foraging. One possible 
implication of this result is that we may be underestimating the innovativeness of 
social species. In Carib grackles, for instance, some behaviours may appear rare 
in the field because they are suppressed by the presence of others (Morand-
Ferron and Lefebvre, 2007; Morand-Ferron et al., 2004, Chapter 5). In pigeons, 
the presence of bystanders can slow learning of a new task (Lefebvre and 
Giraldeau, 1994). However, this may be counteracted by the fact that when 
groups forage together, there are many individuals who may interact with and 
solve a task. For example, a recent study found that when groups of sparrows 
were given a novel task, larger groups arrived at the solution faster than smaller 
groups (Liker and Bokony, 2009). The inhibitory effect of conspecifics could 
affect individuals differently if a social hierarchy exists. Within groups of birds, 
the relationship between social rank and innovation may be positive (in starlings: 
Boogert et al., 2008) or neutral (Gajdon et al., 2006), while in primates it seems 
that low or mid-ranking individuals are the most frequent innovators (Reader and 
Laland, 2001).  
 
Future directions 
The six chapters presented here contribute to our growing understanding of the 
way cognition shapes birds’ interactions with the physical and social 
environment, and the way the environment in turn shapes variation in cognition. 
There are many tools that can be used to study these relationships and 
interactions, and I strove to integrate a variety of tools and methods in 
approaching my research questions. I used techniques that relied on the 
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behaviour of wild animals, from spontaneous behaviour observed in the field 
(innovation: Chapters 1 and 3) to natural distribution and habitat use patterns 
(Chapter 2) to innovation during short bouts of captivity (Chapters 5 and 6). 
These approaches are ecologically relevant and minimally invasive, and, in the 
case of innovation, available for hundreds of species. A limitation of all the 
techniques used here is that they do not reveal mechanism. Modelling approaches 
can be used to suggest possible mechanism, but the predictions of models must 
then be tested empirically. The comparative phylogenetic method relies on the 
traits of extant species to infer the selective pressures of the past, and we can 
only speculate on the direction of the relationship between traits. In Chapters 5 
and 6, I induced innovative behaviour in birds, but this does not uncover the 
neural mechanisms underpinning differences in the process of innovation 
between individuals and across situations. The next challenges for students of 
innovation are in the genetic, developmental, and neurobiological details. By 
fitting innovativeness into an evolutionary framework (Chapters 1 and 3), I 
assume that it is a heritable trait, but this has not been tested empirically. The 
study of innovation is a relatively young field, and many questions remain, such 
as: Do innovative parents produce innovative offspring? Can the capacity for 
innovation be eliminated through gene-knockout studies? How do young birds 
learn to innovate? Can the ability to innovate be taught? Within the brain, are 
specific areas and/or networks activated as animals approach and solve novel 
problems? Are these same areas general to all types of innovation, from novel 
tool use to the invention of a novel parasitic technique? Given the central role of 
innovation for cognition, tackling these questions could bring us toward a more 
satisfying picture of the interactions between the brain, the environment, and 
natural selection in birds.  
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Appendix 1: Table A1, Chapter 3. 
Table A1. Number of innovation reports and number of innovations in each 
category for each species in the analysis, listed in phylogenetic order (Sibley and 
Ahlquist 1990). Total values for each family are also given. 
 
  Number of innovations Diversity of innovations 
Family All 
Food 
type  
Tech- 
nical  All 
Food 
type 
Tech- 
nical 
Numididae 3 1 2 2 1 1 
Numida meleagris 3 1 2 2 1 1 
Phasianidae 15 13 2 5 3 2 
Alectoris graeca 1 0 1 1 0 1 
Alectoris rufa 2 1 1 2 1 1 
Bonasa umbellus  1 1 0 1 1 0 
Coturnix pectoralis 1 1 0 1 1 0 
Coturnix ypsilophora 1 1 0 1 1 0 
Dendragapus canadensis 1 1 0 1 1 0 
Dendrogapus obscurus 1 1 0 1 1 0 
Francolinus natalensis 1 1 0 1 1 0 
Francolinus sephaena 2 2 0 2 2 0 
Francolinus swainsonii 1 1 0 1 1 0 
Gallus gallus 1 1 0 1 1 0 
Perdix perdix 1 1 0 1 1 0 
Phasianus colchicus 1 1 0 1 1 0 
Anatidae 62 40 21 9 3 5 
Aix gallericullata 1 0 1 1 0 1 
Aix sponsa 1 0 1 1 0 1 
Anas discors 1 0 1 1 0 1 
Anas penelope 3 1 2 3 1 2 
Anas platyrhynchos 10 6 4 4 2 2 
Anas smithii 1 0 0 1 0 0 
Anas sparsa 1 1 0 1 1 0 
Anas strepera 1 0 1 1 0 1 
Anas superciliosa 1 1 0 1 1 0 
Anas undulata 1 1 0 1 1 0 
Anser albifrons 3 2 1 2 1 1 
Anser anser 3 1 2 2 1 1 
Anser erythropus 1 1 0 1 1 0 
Anser fabalis 1 1 0 1 1 0 
Aythya affinis 2 2 0 2 2 0 
Aythya fuligula 1 0 1 1 0 1 
Aythya marila 2 2 0 2 2 0 
Aythya valisineria 1 0 1 1 0 1 
Biziura lobata 1 1 0 1 1 0 
Branta bernicla 4 3 1 3 2 1 
Branta canadensis 2 2 0 1 1 0 
Branta ruficollis 1 1 0 1 1 0 
Bucephala albeola 2 1 1 2 1 1 
Bucephala clangula 1 1 0 1 1 0 
Chen canagica 1 1 0 1 1 0 
Clangula hyemalis 2 2 0 2 2 0 
Cygnus bewickii 2 2 0 1 1 0 
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Cygnus olor 1 1 0 1 1 0 
Lophodytes cucullatus 1 1 0 1 1 0 
Melanitta fusca 1 1 0 1 1 0 
Mergus albellus 1 0 1 1 0 1 
Mergus merganser 1 0 1 1 0 1 
Mergus serrator 1 0 1 1 0 1 
Netta rufina 1 0 1 1 0 1 
Olor columbianus 1 1 0 1 1 0 
Oxyura australis 1 1 0 1 1 0 
Somateria mollissima 1 1 0 1 1 0 
Tardorna tadorna 1 1 0 1 1 0 
Indicatoridae 1 1 0 1 1 0 
Indicator xanthonotus 1 1 0 1 1 0 
Lybiidae 1 1 0 1 1 0 
Trachyphonus vailliantii 1 1 0 1 1 0 
Picidae 60 30 29 10 3 6 
Campethera maculosa 3 1 2 3 1 2 
Dendrocopos leucotos 1 0 1 1 0 1 
Dendrocopos major 9 5 4 5 2 3 
Dendrocopos minor 2 0 2 1 0 1 
Dendrocopos syriacus 1 0 1 1 0 1 
Dendropicos fuscescens 1 1 0 1 1 0 
Dryocopus javensis 1 1 0 1 1 0 
Dryocopus pileatus 3 3 0 2 2 0 
Jynx torquilla 1 1 0 1 1 0 
Megalaima haemacephala 1 1 0 1 1 0 
Melanerpes aurifrons 1 0 1 1 0 1 
Melanerpes carolinus 4 4 0 1 1 0 
Melanerpes erythrocephalus 1 1 0 1 1 0 
Melanerpes formicivorus 1 0 1 1 0 1 
Melanerpes lewis 1 0 1 1 0 1 
Melanerpes uropygialus 2 1 1 2 1 1 
Picoides borealis 1 0 1 1 0 1 
Picoides pubescens 8 3 5 6 2 4 
Picoides scalaris 1 1 0 1 1 0 
Picoides villosus 3 1 2 3 1 2 
Picus canus 2 1 1 2 1 1 
Picus squamatus 1 1 0 1 1 0 
Picus viridis 7 3 3 5 2 2 
Sphyrapicus varius 4 1 3 3 1 2 
Upupidae 1 0 1 1 0 1 
Upupa africana 1 0 1 1 0 1 
Bucorvidae 1 1 0 1 1 0 
Bucorvus cafer 1 1 0 1 1 0 
Bucerotidae 11 4 7 5 2 3 
Ocyceros birostris 1 0 1 1 0 1 
Tockus alboterminatus 2 1 1 2 1 1 
Tockus erythrorhynchus 2 1 1 2 1 1 
Tockus flavirostris 2 1 1 2 1 1 
Tockus nasutus 4 1 3 3 1 2 
Coraciidae 11 6 5 5 2 3 
Coracias benghalensis 4 3 1 3 2 1 
Coracias caudata 2 0 2 2 0 2 
Coracias garrulus 3 2 1 2 1 1 
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Coracias noevia 2 1 1 2 1 1 
Meropidae 11 2 9 5 1 4 
Merops apiaster 4 2 2 3 1 2 
Merops bulocki 2 0 2 2 0 2 
Merops nubicoides 2 0 2 1 0 1 
Merops orientalis 1 0 1 1 0 1 
Merops persicus 1 0 1 1 0 1 
Nyctyornis athertoni 1 0 1 1 0 1 
Alcedinidae 4 2 2 4 2 2 
Alcedo atthis 3 1 2 3 1 2 
Alcedo azurea 1 1 0 1 1 0 
Cerylidae 5 2 3 3 1 2 
Ceryle rudis 2 1 1 2 1 1 
Megaceryle alcyon 3 1 2 2 1 1 
Dacelonidae 14 6 8 6 2 4 
Dacelo novaeguineae 3 2 1 3 2 1 
Halcyon albiventris 1 0 1 1 0 1 
Halcyon sancta 3 3 0 1 1 0 
Halcyon smyrnensis 6 0 6 3 0 3 
Todirhampus pyrrhopygia 1 1 0 1 1 0 
Crotophagidae 2 1 1 2 1 1 
Crotophaga ani 2 1 1 2 1 1 
Neomorphidae 6 3 3 4 1 3 
Geococcyx californianus 6 3 3 4 1 3 
Coccyzidae 1 1 0 1 1 0 
Coccyzus erythropthalmus 1 1 0 1 1 0 
Centropodidae 2 1 1 2 1 1 
Centropus benegalensis 1 1 0 1 1 0 
Centropus sinensis 1 0 1 1 0 1 
Cuculidae 7 5 2 3 1 2 
Cacomantis flabelliformis 1 0 1 1 0 1 
Cuculus canorus 1 1 0 1 1 0 
Cuculus micropterus 1 0 1 1 0 1 
Eudynamys taitensis 2 2 0 1 1 0 
Eudynamys scolopacea 2 2 0 1 1 0 
Psittacidae 30 21 8 7 3 3 
Alisterus scapularis 2 1 0 2 1 0 
Aratinga holochlora 1 1 0 1 1 0 
Callocephalon fimbriatum 2 1 1 2 1 1 
Eolophus roseicapillus 3 2 1 3 2 1 
Glossopsitta concinna 1 1 0 1 1 0 
Glossopsitta porphyrocephala 1 1 0 1 1 0 
Lathamus discolor 1 1 0 1 1 0 
Nestor notabilis 1 1 0 1 1 0 
Northiella haematogaster 1 0 1 1 0 1 
Platycercus barnadi 1 0 1 1 0 1 
Platycercus caledonicus 1 1 0 1 1 0 
Platycercus elegans 2 1 1 2 1 1 
Platycercus eximius 3 3 0 2 2 0 
Platycercus zonarius 1 1 0 1 1 0 
Psephotus haematonotus 2 0 2 2 0 2 
Psittacula eupatria 1 1 0 1 1 0 
Psittacula krameri 4 3 1 3 2 1 
Trichoglossus haematodus 2 2 0 1 1 0 
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Apodidae 13 3 9 4 1 2 
Aeronautes saxatallis 1 0 1 1 0 1 
Apus apus 1 0 1 1 0 1 
Apus bradfieldii 1 0 1 1 0 1 
Apus melba 2 0 2 1 0 1 
Apus nipalensis 1 1 0 1 1 0 
Apus pacificus 1 0 1 1 0 1 
Apus unicolor 1 0 0 1 0 0 
Chaetura pelagica 3 1 2 3 1 2 
Cypsiurus parvus 1 1 0 1 1 0 
Hirundapus caudacutus 1 0 1 1 0 1 
Trochilidae 13 10 3 3 1 2 
Archilochus alexandri 1 0 1 1 0 1 
Archilochus colubris 2 2 0 1 1 0 
Atthis heloisa 1 1 0 1 1 0 
Calypte anna 2 2 0 1 1 0 
Calypte costae 1 1 0 1 1 0 
Lampornis amethystinus 1 1 0 1 1 0 
Lampornis clemenciae 1 1 0 1 1 0 
Selasphorus platycercus 3 2 1 2 1 1 
Selasphorus rufus 1 0 1 1 0 1 
Musophagidae 1 0 1 1 0 1 
Corythaixoides concolor 1 0 1 1 0 1 
Podargidae 1 0 1 1 0 1 
Podargus strigoides 1 0 1 1 0 1 
Caprimulgidae 3 1 2 2 1 1 
Caprimulgus europaeus 1 0 1 1 0 1 
Caprimulgus pectoralis  1 0 1 1 0 1 
Chordeiles minor 1 1 0 1 1 0 
Columbidae 13 13 0 3 3 0 
Columba livia 1 1 0 1 1 0 
Columba palumbus 2 2 0 1 1 0 
Phaps chalcoptera 1 1 0 1 1 0 
Streptopelia capicola 1 1 0 1 1 0 
Streptopelia chinensis 2 2 0 2 2 0 
Streptopelia decaocto 3 3 0 1 1 0 
Streptopelia senegalensis 1 1 0 1 1 0 
Streptopelia turtur 1 1 0 1 1 0 
Treron pheonicoptera 1 1 0 1 1 0 
Rallidae 45 20 24 8 3 5 
Amaurornis flavirostra 1 1 0 1 1 0 
Amaurornis phoenicurus 3 0 3 1 0 1 
Aramides cajanea 1 1 0 1 1 0 
Eulabeornis castaneoventris 1 0 1 1 0 1 
Fulica americana 2 2 0 1 1 0 
Fulica atra 3 2 1 2 1 1 
Gallinula chloropus 12 5 7 6 2 4 
Gallinula tenebrosa 1 1 0 1 1 0 
Porphyrio alleni 1 0 1 1 0 1 
Porphyrio porphyrio 5 2 3 2 1 1 
Porzana porzana 1 0 1 1 0 1 
Porzana pusilla 1 0 1 1 0 1 
Porzana tabuensis 1 0 1 1 0 1 
Rallus aquaticus 8 3 5 6 2 4 
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Rallus caerulescens 1 1 0 1 1 0 
Rallus longirostris 3 2 1 2 1 1 
Otitidae 2 2 0 1 1 0 
Otis tarda 2 2 0 1 1 0 
Heliornithidae 2 0 2 2 0 2 
Aramus guarauma 1 0 1 1 0 1 
Podica senegalenis 1 0 1 1 0 1 
Gruidae 7 7 0 1 1 0 
Grus americana 1 1 0 1 1 0 
Grus antigone 2 2 0 1 1 0 
Grus canadensis 3 3 0 1 1 0 
Grus rubicunda 1 1 0 1 1 0 
Pteroclidae 1 1 0 1 1 0 
Pterocles bicinctus 1 1 0 1 1 0 
Scolopacidae 66 35 30 10 3 6 
Arenaria interpres 11 6 5 5 2 3 
Arenaria melanocephala 1 1 0 1 1 0 
Calidris alba 5 2 2 4 1 2 
Calidris alpina 2 2 0 2 2 0 
Calidris canutus 2 1 1 2 1 1 
Calidris maritima 2 1 1 2 1 1 
Calidris minuta 1 0 1 1 0 1 
Calidris pusilla 2 1 1 2 1 1 
Gallinago gallinago 1 1 0 1 1 0 
Numenius arquata 3 2 1 3 2 1 
Numenius phaeopus  2 1 1 2 1 1 
Phalaropus fulicaria 2 2 0 1 1 0 
Phalaropus lobatus 1 0 1 1 0 1 
Philomachus pugnax 3 2 1 3 2 1 
Scolopax rusticola 2 0 2 2 0 2 
Steganopus tricolor 1 0 1 1 0 1 
Tringa brevipes 1 1 0 1 1 0 
Tringa cinerea 1 0 1 1 0 1 
Tringa erythropus 2 0 2 1 0 1 
Tringa hypoleucos 7 3 4 5 2 3 
Tringa incana 1 1 0 1 1 0 
Tringa macularia 2 1 1 2 1 1 
Tringa melanoleuca 2 1 1 2 1 1 
Tringa nebularia 6 4 2 3 2 1 
Tringa stagnatilis 1 1 0 1 1 0 
Tringa totanus 2 1 1 2 1 1 
Charadriidae 23 12 10 6 3 2 
Charadrius alexandrinus 1 0 1 1 0 1 
Charadrius dubius 1 1 0 1 1 0 
Charadrius hiaticula 1 0 1 1 0 1 
Charadrius obscuris 3 2 1 2 1 1 
Charadrius pelagica 1 0 1 1 0 1 
Charadrius tricollaris 1 0 1 1 0 1 
Charadrius vociferus 3 2 1 3 2 1 
Eudromias morinellus 1 1 0 1 1 0 
Haematopus ostralegus 2 2 0 2 2 0 
Himantopus himantopus 1 1 0 1 1 0 
Pluvialis apricaria 1 0 0 1 0 0 
Pluvialis squatarola 1 0 1 1 0 1 
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Recurvirostra avosetta 2 1 1 2 1 1 
Vanellus leurcurus 1 0 1 1 0 1 
Vanellus malabaricus 1 1 0 1 1 0 
Vanellus miles 1 1 0 1 1 0 
Vanellus vanellus 1 0 1 1 0 1 
Burhinidae 1 1 0 1 1 0 
Burhinus oedicnemus 1 1 0 1 1 0 
Glareolidae 2 0 2 2 0 2 
Glareola pratincola 1 0 1 1 0 1 
Glareola maldivarum 1 0 1 1 0 1 
Laridae 202 91 102 11 3 7 
Anous stolidus 1 1 0 1 1 0 
Catharacta antartica 1 1 0 1 1 0 
Catharacta lonnbergi 1 0 1 1 0 1 
Catharacta skua 6 5 1 4 3 1 
Cepphus columba 1 1 0 1 1 0 
Chlidonias albostriatus 1 0 1 1 0 1 
Chlidonias hybridus 2 1 1 2 1 1 
Chlidonias leucopterus 4 1 2 4 1 2 
Chlidonias niger 5 2 2 5 2 2 
Hydroprogne caspia 3 1 2 2 1 1 
Larus argentatus 27 14 13 8 3 5 
Larus atricilla 4 1 3 4 1 3 
Larus bulleri 1 0 1 1 0 1 
Larus cachinnans 3 2 1 2 1 1 
Larus californicus 4 2 2 3 1 2 
Larus canus 8 3 5 6 3 3 
Larus cirrocephalus 1 0 1 1 0 1 
Larus delawarensis 10 6 4 6 3 3 
Larus dominicanus 11 5 6 6 2 4 
Larus fuscus 2 1 1 2 1 1 
Larus glaucescens 1 1 0 1 1 0 
Larus glaucoides 1 0 1 1 0 1 
Larus hartlaubi 1 0 1 1 0 1 
Larus hyperboreus 1 0 1 1 0 1 
Larus marinus 8 1 7 5 1 4 
Larus melanocephalus 2 1 1 2 1 1 
Larus minutus 2 0 1 2 0 1 
Larus novaehollandiae 12 5 6 7 3 3 
Larus occidentalis 2 1 0 2 1 0 
Larus pacificus 1 0 1 1 0 1 
Larus philadelphia 5 1 4 5 1 4 
Larus ridibundus 21 10 11 7 3 4 
Larus sabini 2 0 1 2 0 1 
Rissa brevirostris 1 0 1 1 0 1 
Rissa tridactyla 3 2 1 2 1 1 
Stercorarius longicaudus 3 3 0 2 2 0 
Stercorarius parasiticus 1 0 0 1 0 0 
Stercorarius pomarinus 5 5 0 1 1 0 
Sterna albifrons 1 0 1 1 0 1 
Sterna aurantia 1 0 1 1 0 1 
Sterna bengalensis 1 0 0 1 0 0 
Sterna forsteri 1 0 1 1 0 1 
Sterna fuscata 1 1 0 1 1 0 
 	  
244
Sterna hirundo 15 6 9 6 3 3 
Sterna lunata 1 1 0 1 1 0 
Sterna maxima  1 0 1 1 0 1 
Sterna nilotica 4 3 1 3 2 1 
Sterna paradisaea 2 1 1 2 1 1 
Sterna sandvicensis 3 2 1 2 1 1 
Uria aalge 3 0 2 3 0 2 
Falconidae 97 43 51 10 3 6 
Falco berigora 5 1 4 4 1 3 
Falco biarmicus 2 1 1 2 1 1 
Falco cenchroides 3 1 2 3 1 2 
Falco chicquera 2 1 1 2 1 1 
Falco columbarius 10 5 5 3 1 2 
Falco dickinsoni 2 1 1 2 1 1 
Falco eleonorae 1 0 1 1 0 1 
Falco femoralis 1 0 1 1 0 1 
Falco longipennis 3 0 3 2 0 2 
Falco mexicanus 3 2 1 2 1 1 
Falco novaezeelandiae 2 2 0 1 1 0 
Falco peregrinus 19 6 10 7 2 4 
Falco sparverius 12 8 4 4 1 3 
Falco subbuteo 6 3 3 3 2 1 
Falco subniger 3 0 3 2 0 2 
Falco tinninculus 20 10 10 7 3 4 
Falco vespertinus 1 1 0 1 1 0 
Polyborus plancus 2 1 1 2 1 1 
Sagittariidae 1 0 1 1 0 1 
Sagittarius serpentarius 1 0 1 1 0 1 
Accipitridae 257 140 110 12 3 8 
Accipiter badius 2 1 1 2 1 1 
Accipiter cirrocephalus 1 0 1 1 0 1 
Accipiter cooperi 5 2 3 3 1 2 
Accipiter fasciatus 2 0 2 1 0 1 
Accipiter gentilis 17 10 7 5 2 3 
Accipiter nisus 7 4 3 4 2 2 
Accipiter ovampensis  1 0 1 1 0 1 
Accipiter striatus 6 4 2 3 1 2 
Accipiter tachiro 1 1 0 1 1 0 
Aquila audax 2 1 1 2 1 1 
Aquila chrysaetos 11 9 2 4 2 2 
Aquila pomarina 1 0 1 1 0 1 
Aquila rapax 2 2 0 2 2 0 
Aquila verreauxi 3 2 1 2 1 1 
Aquila vindhiana 1 1 0 1 1 0 
Aquila wahlberghi 2 2 0 1 1 0 
Butastur teesa 1 1 0 1 1 0 
Buteo brachyurus 1 1 0 1 1 0 
Buteo buteo 21 9 10 8 2 5 
Buteo jamaicensis 12 7 5 4 1 3 
Buteo lagopus 2 1 1 2 1 1 
Buteo lineatus 2 1 1 2 1 1 
Buteo platypterus 2 2 0 1 1 0 
Buteo regalis 2 2 0 2 2 0 
Buteo rufofuscus 2 1 1 2 1 1 
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Buteo swainsoni 2 2 0 1 1 0 
Chelictinia riocourii 1 0 1 1 0 1 
Circaetus pectoralis  1 1 0 1 1 0 
Circus approximans 5 3 2 3 2 1 
Circus buffoni 1 1 0 1 1 0 
Circus cyaneus 9 2 6 6 1 4 
Circus macrourus 1 1 0 1 1 0 
Circus pygargus 5 3 2 3 1 2 
Circus ranivorus 2 2 0 1 1 0 
Elanoides forficatus 2 2 0 1 1 0 
Elanus axillaris 3 1 2 2 1 1 
Elanus caerulens 2 0 2 2 0 2 
Elanus leucurus  1 0 1 1 0 1 
Elanus notatus 1 0 0 1 0 0 
Elanus scriptus 1 1 0 1 1 0 
Gypaetus barbatus 1 0 1 1 0 1 
Gyps bengalensis 1 0 0 1 0 0 
Gyps coprotheres 1 1 0 1 1 0 
Gyps fulvus 1 1 0 1 1 0 
Gyps indicus 1 0 0 1 0 0 
Haliaeetus leucocephalus 18 9 9 5 2 3 
Haliaeetus leucoryphus 2 0 2 2 0 2 
Haliaeetus vocifer 5 4 1 3 2 1 
Haliastur indus 2 0 2 2 0 2 
Haliaeetus leucogaster 1 1 0 1 1 0 
Haliastur sphenurus 3 1 2 2 1 1 
Harpyopsis novaeguineae 1 1 0 1 1 0 
Hieraeetus spilogaster 1 1 0 1 1 0 
Hiraaetus fasciatus 1 0 1 1 0 1 
Icnthyophaga ichthyatus 1 1 0 1 1 0 
Leptodon cayanensis 1 0 1 1 0 1 
Melierax canorus 2 2 0 2 2 0 
Melierax gabar 1 0 1 1 0 1 
Milvus migrans 15 5 10 7 3 4 
Milvus milvus 2 0 2 2 0 2 
Necrosyrtes monachus 3 2 1 3 2 1 
Neophron percnopterus 5 4 1 3 2 1 
Pandion haliaetus 19 10 9 4 1 3 
Parabuteo unicinctus 1 0 1 1 0 1 
Pernis apivorus 2 2 0 2 2 0 
Polemaetus bellicosus 4 3 1 3 2 1 
Polyboroides radiatus 2 1 1 2 1 1 
Polyboroides typus 3 1 2 3 1 2 
Rosthramus sociabilis 4 2 2 4 2 2 
Sarcogyps calvus 1 0 0 1 0 0 
Stephanoaetus coronatus 1 1 0 1 1 0 
Therathopius ecaudatus  2 1 1 2 1 1 
Torgos tracheliotus 1 1 0 1 1 0 
Trigonoceps occipitalis 2 2 0 1 1 0 
Podicipedidae 17 5 12 7 3 4 
Podiceps auritus 2 0 2 1 0 1 
Podiceps cristatus 2 1 1 2 1 1 
Podiceps grisegena 1 0 1 1 0 1 
Podiceps nigricollis 1 0 1 1 0 1 
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Podilymbus podiceps 3 2 1 2 1 1 
Tachybaptus dominicus 1 0 1 1 0 1 
Tachybaptus ruficollis 7 2 5 6 2 4 
Sulidae 4 0 4 3 0 3 
Morus bassanus 2 0 2 2 0 2 
Morus serrator 1 0 1 1 0 1 
Sula nebouxii 1 0 1 1 0 1 
Anhingidae 2 0 1 2 0 1 
Anhinga anhinga 1 0 1 1 0 1 
Anhinga melanogaster 1 0 0 1 0 0 
Phalacrocoracidae 14 6 7 5 2 2 
Phalacrocorax aristotelis 2 0 2 1 0 1 
Phalacrocorax auritus 1 0 0 1 0 0 
Phalacrocorax carbo 7 4 3 2 1 1 
Phalacrocorax melanoleucos 1 1 0 1 1 0 
Phalacrocorax punctatus 1 0 1 1 0 1 
Phalacrocorax sulcirostris 1 1 0 1 1 0 
Phalacrocorax varius 1 0 1 1 0 1 
Ardeidae 133 45 87 10 3 6 
Ardea cinerea 28 12 16 7 2 5 
Ardea goliath 2 1 1 2 1 1 
Ardea herodias 6 4 2 3 1 2 
Ardea melanocephala 1 0 1 1 0 1 
Ardea novaehollandiae 1 1 0 1 1 0 
Ardea pacifica 4 1 3 2 1 1 
Ardea picata 1 0 1 1 0 1 
Ardea purpurea 3 2 1 2 1 1 
Ardeola grayii 3 0 3 1 0 1 
Ardeola ralloides 2 0 1 2 0 1 
Botaurus stellaris 1 0 1 1 0 1 
Bubulcus ibis 16 8 8 6 3 3 
Butorides striatus 4 1 3 4 1 3 
Butorides virescens 4 0 4 2 0 2 
Casmerodius albus 11 4 7 5 2 3 
Egretta novaehollandiae 1 0 1 1 0 1 
Egretta alba 2 1 1 2 1 1 
Egretta caerulea 6 0 6 5 0 5 
Egretta garzetta 13 2 11 5 2 3 
Egretta garzetta  1 0 1 1 0 1 
Egretta intermedia 4 2 2 2 1 1 
Egretta novaehollandiae 2 2 0 1 1 0 
Egretta thula 7 0 7 3 0 3 
Egretta tricolor 4 1 3 4 1 3 
Nyctanassa violacea 1 0 1 1 0 1 
Nycticorax caledonicus 3 2 1 2 1 1 
Nycticorax nycticorax 2 1 1 2 1 1 
Scopidae 2 0 2 2 0 2 
Scopus umbretta 2 0 2 2 0 2 
Phoenicopteridae 2 2 0 2 2 0 
Phoenicopterus ruber 2 2 0 2 2 0 
Threskiornithidae 6 2 4 4 1 3 
Platalea alba 2 0 2 2 0 2 
Threskiornis aethiopicus 1 1 0 1 1 0 
Threskiornis molucca 2 1 1 2 1 1 
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Threskiornis spinicollis 1 0 1 1 0 1 
Ciconiidae 29 13 13 10 3 6 
Cathartes aura 4 1 3 3 1 2 
Ciconia abdimii 1 0 1 1 0 1 
Ciconia ciconia 6 1 4 5 1 3 
Ciconia nigra 1 0 1 1 0 1 
Coragyps atratus 4 3 0 3 2 0 
Ephippiorhynchus asiaticus 3 2 1 3 2 1 
Ephyppiorhynchus 
senegalensis 1 1 0 1 1 0 
Leptopilos dubius 1 1 0 1 1 0 
Leptoptilos crumeniferus 3 1 1 3 1 1 
Leptoptilos javanicus 2 1 1 2 1 1 
Mycteria americana 2 1 1 2 1 1 
Mycteria leucocephala 1 1 0 1 1 0 
Pelecanidae 10 3 6 5 1 3 
Pelecanus erythrorhynchos 2 0 1 2 0 1 
Pelecanus occidentalis 4 1 3 4 1 3 
Pelecanus onocrotalus 3 2 1 2 1 1 
Pelecanus rufescens 1 0 1 1 0 1 
Gaviidae 4 4 0 1 1 0 
Gavia arctica 1 1 0 1 1 0 
Gavia immer 2 2 0 1 1 0 
Gavia stellata 1 1 0 1 1 0 
Procellariidae 20 5 15 8 2 6 
Calonectris diomedea 1 1 0 1 1 0 
Diomedea melanophris 1 0 1 1 0 1 
Fulmarus glacialis 1 0 1 1 0 1 
Hydrobates pelagicus 1 0 1 1 0 1 
Macronectes giganteus 2 1 1 2 1 1 
Macronectes halli 1 0 1 1 0 1 
Oceanodroma furcata 1 1 0 1 1 0 
Oceanodroma leucorhoa 1 1 0 1 1 0 
Pelagodroma marina 1 1 0 1 1 0 
Procellaria aequinoctiales 1 0 1 1 0 1 
Puffinus assimilis 1 0 1 1 0 1 
Puffinus bulleri 1 0 1 1 0 1 
Puffinus carneipes 1 0 1 1 0 1 
Puffinus lherminieri 1 0 1 1 0 1 
Puffinus pacificus 1 0 1 1 0 1 
Puffinus puffinus 3 0 3 3 0 3 
Puffinus tenuirostris 1 0 1 1 0 1 
Tyrannidae 12 5 7 5 2 3 
Contopus virens 1 0 1 1 0 1 
Myiarchus tyrannulus 1 1 0 1 1 0 
Pyrocephalus rubinus 2 1 1 2 1 1 
Sayornis nigricans 2 1 1 2 1 1 
Sayornis phoebe 1 0 1 1 0 1 
Tyrannus caudifasciatus 1 1 0 1 1 0 
Tyrannus dominicensis 1 0 1 1 0 1 
Tyrannus tyrannus 2 1 1 2 1 1 
Tyrannus verticalis 1 0 1 1 0 1 
Climacteridae 1 1 0 1 1 0 
Climacteris leucophaea 1 1 0 1 1 0 
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Meliphagidae 35 30 5 6 3 3 
Acanthagenys rufogularis 1 1 0 1 1 0 
Anthornis melanura 3 3 0 2 2 0 
Antochaera carunculata 3 2 1 2 1 1 
Antochaera chrysoptera 3 3 0 2 2 0 
Entomyzon cyanotis 1 1 0 1 1 0 
Lichenostomus chrysops 2 2 0 1 1 0 
Lichenostomus leucotis 1 1 0 1 1 0 
Lichenostomus penicillatus 2 1 1 2 1 1 
Lichmera indistincta 1 1 0 1 1 0 
Manorina melanocephala 4 3 1 3 2 1 
Meliphaga lewinii 1 1 0 1 1 0 
Melithreptus brevirostris 2 2 0 1 1 0 
Melithreptus gularis 1 1 0 1 1 0 
Melithreptus lunatus 1 1 0 1 1 0 
Philemon citreogularis 1 1 0 1 1 0 
Philemon corniculatus 2 1 1 2 1 1 
Phylidonyris melanops 1 1 0 1 1 0 
Phylidonyris novaehollandiae 1 1 0 1 1 0 
Plectorhyncha lanceolata 1 1 0 1 1 0 
Prosthemadera 
novaezeelandiae 2 1 1 2 1 1 
Xanthomyza phrygia 1 1 0 1 1 0 
Pardalotidea 4 2 2 3 1 2 
Acanthiza uropygialis 1 0 1 1 0 1 
Gerygone igata 1 1 0 1 1 0 
Oreoscopus gutturalis 1 0 1 1 0 1 
Pardalotus striatus 1 1 0 1 1 0 
Eopsaltriidae 2 2 0 2 2 0 
Microeca fascinans 1 1 0 1 1 0 
Petroica macrocephala 1 1 0 1 1 0 
Irenidae 1 1 0 1 1 0 
Chloropsis cochinchinensis 1 1 0 1 1 0 
Laniidae 40 21 15 8 2 5 
Lanius collaris 6 0 5 5 0 4 
Lanius collurio 4 3 1 3 2 1 
Lanius excubitor 18 10 5 6 2 3 
Lanius ludovicianus 6 4 2 4 2 2 
Lanius minor 3 2 1 2 1 1 
Lanius schach  1 1 0 1 1 0 
Lanius senator 2 1 1 2 1 1 
Corvidae 242 116 124 12 3 8 
Aphelocoma californica 1 0 1 1 0 1 
Aphelocoma coerulescens 5 1 4 4 1 3 
Aphelocoma ultramarina 1 1 0 1 1 0 
Artamus cinereus 1 1 0 1 1 0 
Artamus personatus 1 1 0 1 1 0 
Artamus superciliosus 2 1 1 2 1 1 
Artamus fuscus 1 1 0 1 1 0 
Colluricincla harmonica 6 4 2 4 2 2 
Coracina lineata 1 1 0 1 1 0 
Coracina novaehollandiae 2 1 1 2 1 1 
Corcorax melanorhamphos 2 0 2 2 0 2 
Corvus albicollis 1 1 0 1 1 0 
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Corvus albus 7 2 5 4 1 3 
Corvus brachyrhynchos 16 9 7 8 3 5 
Corvus capensis 1 0 1 1 0 1 
Corvus caurinus 1 0 1 1 0 1 
Corvus corax 17 9 8 6 2 4 
Corvus corone 31 14 16 11 3 7 
Corvus coronoides 5 4 1 3 2 1 
Corvus frugilegus 9 4 5 6 2 4 
Corvus levaillantii 5 2 3 4 1 3 
Corvus mellori 2 1 1 2 1 1 
Corvus monedula 4 3 1 3 2 1 
Corvus orru 2 0 2 1 0 1 
Corvus splendens 16 6 10 10 3 7 
Corvus tasmanicus 1 0 1 1 0 1 
Cracticus nigrogularis 2 0 2 2 0 2 
Cracticus quoyi 1 1 0 1 1 0 
Cracticus torquatus 1 0 1 1 0 1 
Cyanocitta cristata 9 7 2 5 3 2 
Cyanocitta stelleri 1 1 0 1 1 0 
Cynaocorax yncas  1 0 1 1 0 1 
Daphoenositta chrysoptera 1 0 1 1 0 1 
Dendrocitta vagabunda 2 1 1 2 1 1 
Dicrurus adsimilis 6 3 3 4 1 3 
Dicrurus caerulescens 1 0 1 1 0 1 
Dicrurus leucophaeus 1 0 1 1 0 1 
Dicrurus macrocercus 4 2 2 3 1 2 
Falcunculus frontatus 1 0 1 1 0 1 
Garrulus glandarius 6 2 4 5 2 3 
Grallina cynaoleuca 1 1 0 1 1 0 
Gymnorhina tibicen 6 3 3 5 2 3 
Gymnorhinus cyanocephalus 2 1 1 2 1 1 
Laniarius aethiopicus 1 1 0 1 1 0 
Laniarius ferrugineus 2 1 1 2 1 1 
Mohoua novaeseelandiae 1 1 0 1 1 0 
Mohoua ochrocephala 2 2 0 1 1 0 
Nucifraga caryocatactes 1 1 0 1 1 0 
Oriolus oriolus 5 4 1 3 2 1 
Perisoreus canadensis 2 1 1 2 1 1 
Pica nutalli 1 0 1 1 0 1 
Pica pica 20 8 12 9 3 6 
Pyrrhocorax graculus 1 0 1 1 0 1 
Pyrrhocorax pyrrhocorax 6 3 3 2 1 1 
Rhipidura fuliginosa 2 1 1 2 1 1 
Rhipidura leucophrys 3 2 0 3 2 0 
Strepera graculina 1 0 1 1 0 1 
Strepera versicolor 1 0 1 1 0 1 
Struthidea cinerea 1 1 0 1 1 0 
Tchagra australis 1 0 1 1 0 1 
Telephorus zeylonus 1 1 0 1 1 0 
Telophorus sulfureopectus 1 0 1 1 0 1 
Terpsiphone paradisi 2 0 2 1 0 1 
Bombycillidae 8 6 2 5 3 2 
Bombycilla cedrorum 4 3 1 3 2 1 
Bombycilla garrulus 4 3 1 3 2 1 
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Cinclidae 4 2 1 4 2 1 
Cinclus cinclus 4 2 1 4 2 1 
Muscicapidae 119 75 41 11 3 7 
Catharus fuscescens 1 0 1 1 0 1 
Catharus guttatus 2 1 1 2 1 1 
Catharus minimus 1 0 1 1 0 1 
Catharus ustulatus 1 0 1 1 0 1 
Cercotrichas quadrivirgata 1 1 0 1 1 0 
Chaimarrornis leucocephalus 1 1 0 1 1 0 
Copsychus saularis 2 2 0 1 1 0 
Cossypha caffra 1 1 0 1 1 0 
Cossypha heuglini 1 1 0 1 1 0 
Cossypha humeralis 1 1 0 1 1 0 
Cossypha natalensis 1 0 1 1 0 1 
Erithacus rubecula 6 5 0 3 2 0 
Ficedula albicollis 1 0 0 1 0 0 
Ficedula hypoleuca 3 1 2 3 1 2 
Ficedula parva 1 1 0 1 1 0 
Lusciania svecica 1 1 0 1 1 0 
Monticola solitarius 1 1 0 1 1 0 
Muscicapa adusta  2 0 2 2 0 2 
Muscicapa striata 6 5 1 3 2 1 
Myiophonus caeruleus 1 1 0 1 1 0 
Myrmecocichla formicivora 2 0 2 1 0 1 
Oenanthe leucura 1 0 1 1 0 1 
Oenanthe oenanthe 1 0 1 1 0 1 
Phoenicurus ochruros 1 1 0 1 1 0 
Psophocichla litsipsirupa 1 0 1 1 0 1 
Saxicola rubetra 2 1 1 2 1 1 
Saxicola torquata 4 0 4 2 0 2 
Saxicoloides fulicata 2 0 2 2 0 2 
Sialia sialis 3 3 0 1 1 0 
Sigelus silens 1 1 0 1 1 0 
Toxostoma rufum 1 1 0 1 1 0 
Turdus iliacus 4 3 1 3 2 1 
Turdus libonyanus 1 0 1 1 0 1 
Turdus merula 29 20 9 8 3 5 
Turdus migratorius 7 4 3 4 2 2 
Turdus olivaceus 2 1 1 2 1 1 
Turdus philomelos 10 9 1 4 3 1 
Turdus pilaris 5 4 1 3 2 1 
Turdus viscivorus 4 2 2 3 2 1 
Zoothera naevia 2 1 0 2 1 0 
Zoothera wardii 1 1 0 1 1 0 
Sturnidae 53 27 26 10 3 7 
Acridotheres fuscus 2 0 2 2 0 2 
Acridotheres ginginianus 1 1 0 1 1 0 
Acridotheres tristis 4 2 2 3 1 2 
Aplonis opaca 1 1 0 1 1 0 
Cinnyrinclus leucogaster 1 1 0 1 1 0 
Creatophora cinerea 3 0 3 3 0 3 
Dumetella carolinensis 2 1 1 2 1 1 
Lamprotornis australis 2 1 1 2 1 1 
Lamprotornis chalybaeus 2 0 2 2 0 2 
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Lamprotornis nitens 4 2 2 4 2 2 
Nesomimus macdonaldi 1 0 1 1 0 1 
Onychognathus morio 3 1 2 2 1 1 
Spreo bicolor 1 0 1 1 0 1 
Sturnus contra 1 1 0 1 1 0 
Sturnus pagodarum  1 1 0 1 1 0 
Sturnus vulgaris 24 15 9 6 3 3 
Sittidae 7 2 5 5 2 3 
Sitta canadensis 1 0 1 1 0 1 
Sitta carolinensis 3 2 1 3 2 1 
Sitta europea 1 0 1 1 0 1 
Sitta leucopsis 1 0 1 1 0 1 
Sitta pygmaea 1 0 1 1 0 1 
Certhiidae 6 2 4 6 2 4 
Campylorhynchus 
brunneicapillus 1 1 0 1 1 0 
Certhia americana 1 0 1 1 0 1 
Certhia familiaris 2 1 1 2 1 1 
Thryothorus ludovicianus 1 0 1 1 0 1 
Troglodytes troglodytes 1 0 1 1 0 1 
Paridae 45 22 23 10 3 7 
Parus ater 3 1 2 3 1 2 
Parus atricapillus 3 0 3 2 0 2 
Parus bicolor 2 0 2 1 0 1 
Parus caeruleus 11 8 3 5 3 2 
Parus cristatus 1 1 0 1 1 0 
Parus hudsonicus 2 1 1 2 1 1 
Parus inornatus 1 0 1 1 0 1 
Parus lugubris 1 0 1 1 0 1 
Parus major 14 8 6 6 3 3 
Parus montanus 1 1 0 1 1 0 
Parus niger 2 0 2 1 0 1 
Parus palustris 3 2 1 2 1 1 
Remiz pendulinus 1 0 1 1 0 1 
Aegithalidae 5 5 0 3 3 0 
Aegithalos caudatus 5 5 0 3 3 0 
Hirundinidae 53 24 28 7 3 3 
Delichon urbica 6 4 2 3 2 1 
Hirundo abyssinica 2 2 0 2 2 0 
Hirundo albigularis  1 0 1 1 0 1 
Hirundo cucullata 2 2 0 2 2 0 
Hirundo daurica 1 1 0 1 1 0 
Hirundo dimidiata 1 0 1 1 0 1 
Hirundo griseopyga 1 0 1 1 0 1 
Hirundo neoxena 2 0 2 1 0 1 
Hirundo pyrrhonota 1 0 1 1 0 1 
Hirundo rupestris 1 0 1 1 0 1 
Hirundo rustica 18 7 10 7 3 3 
Hirundo semirufa 1 1 0 1 1 0 
Hirundo senegalensis 1 0 1 1 0 1 
Hirundo spilodera 2 0 2 2 0 2 
Progne subis 2 2 0 2 2 0 
Riparia paludicola 2 0 2 2 0 2 
Riparia riparia 7 3 4 4 2 2 
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Stelgidopteryx ruficollis 2 2 0 1 1 0 
Regulidae 7 5 2 5 3 2 
Regulus calendula 2 0 2 2 0 2 
Regulus ignicapillus 1 1 0 1 1 0 
Regulus regulus 3 3 0 2 2 0 
Regulus satrapa 1 1 0 1 1 0 
Pycnonotidae 18 11 7 7 3 4 
Chlorocichla flaviventris 3 0 3 1 0 1 
Pycnonotus cafer 9 6 3 4 2 2 
Pycnonotus capensis 1 0 1 1 0 1 
Pycnonotus jocosus 1 1 0 1 1 0 
Pycnonotus luteolus 2 2 0 1 1 0 
Pycnonotus nigricans 1 1 0 1 1 0 
Pycnonotus tricolor 1 1 0 1 1 0 
Cisticolidae 2 1 1 2 1 1 
Cisticola tinnieus 1 0 1 1 0 1 
Prinia flavicans 1 1 0 1 1 0 
Zosteropidae 5 2 3 3 1 2 
Zosterops lateralis 4 2 2 3 1 2 
Zosterops pallidus 1 0 1 1 0 1 
Sylviidae 30 21 8 5 3 1 
Acrocephalus anindinaceus  2 2 0 1 1 0 
Acrocephalus dumetorum 1 1 0 1 1 0 
Cettia cettti 1 0 1 1 0 1 
Hippolais polyglotta 1 1 0 1 1 0 
Phylloscopus collybita 7 4 3 4 3 1 
Phylloscopus inornatus 1 0 0 1 0 0 
Phylloscopus trochilus 1 0 1 1 0 1 
Sylvia atricapilla 9 8 1 4 3 1 
Sylvia communis 2 1 1 2 1 1 
Sylvia curruca 1 1 0 1 1 0 
Turdoides affinis 1 1 0 1 1 0 
Turdoides malcolmi 1 1 0 1 1 0 
Turdoides striatus 2 1 1 2 1 1 
Alaudidae 6 4 2 4 2 2 
Alauda arvensis 3 3 0 2 2 0 
Calandrella cinerea 1 0 1 1 0 1 
Galerida magnirostris 1 1 0 1 1 0 
Mirafra apiata 1 0 1 1 0 1 
Nectariniidae 11 8 3 3 2 1 
Nectarinia asiatica 4 3 1 3 2 1 
Nectarinia lotenia 2 1 1 2 1 1 
Nectarinia senegalensis 1 1 0 1 1 0 
Nectarinia zeylonica 3 2 1 2 1 1 
Promerops cafer 1 1 0 1 1 0 
Passeridae 79 34 44 9 3 5 
Anthus petrosus 1 0 1 1 0 1 
Anthus spinoletta 2 1 1 2 1 1 
Euplectes progne 1 1 0 1 1 0 
Lonchura bicolor 1 1 0 1 1 0 
Lonchura fringilloides 1 1 0 1 1 0 
Motacilla aguimp  1 0 1 1 0 1 
Motacilla alba 9 4 5 6 3 3 
Motacilla capensis 2 1 1 2 1 1 
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Motacilla cinerea 1 1 0 1 1 0 
Motacilla flava 2 1 1 2 1 1 
Passer diffusus 1 0 1 1 0 1 
Passer domesticus 41 14 26 9 3 5 
Passer melanurus 1 0 1 1 0 1 
Passer montanus 5 4 1 3 2 1 
Ploceus philippinus 3 2 1 2 1 1 
Prunella modularis 5 2 3 3 1 2 
Taeniopygia guttata 1 1 0 1 1 0 
Petronia xanthocollis 1 0 1 1 0 1 
Fringillidae 146 73 73 8 3 5 
Agelaius phoeniceus 9 4 5 5 3 2 
Cardinalis cardinalis  1 1 0 1 1 0 
Carduelis cannabina 2 0 2 1 0 1 
Carduelis carduelis 4 4 0 2 2 0 
Carduelis chloris 8 5 3 5 3 2 
Carduelis flammea 5 4 1 3 2 1 
Carduelis flavirostris 1 1 0 1 1 0 
Carduelis pinus 1 1 0 1 1 0 
Carduelis spinus 5 3 2 3 1 2 
Carduelis tristis 2 2 0 1 1 0 
Carpodacus eryhtrinus 1 1 0 1 1 0 
Carpodacus mexicanus 1 0 1 1 0 1 
Carpodacus purpureus 1 1 0 1 1 0 
Coccothraustes 
coccothraustes 3 2 1 3 2 1 
Dendroica caerulescens 2 0 2 1 0 1 
Dendroica coronata 5 2 3 5 2 3 
Dendroica fusca 1 1 0 1 1 0 
Dendroica magnolia 1 1 0 1 1 0 
Dendroica nigrescens 1 0 1 1 0 1 
Dendroica pinus 1 0 1 1 0 1 
Dendroica striata 1 0 1 1 0 1 
Dendroica townsendi 1 0 1 1 0 1 
Dendroica virens 1 0 1 1 0 1 
Emberiza hortulana 1 0 1 1 0 1 
Emberiza schoeniclus 2 1 1 2 1 1 
Euphagus carolinus 3 3 0 1 1 0 
Euphagus cyanocephalus 4 2 2 4 2 2 
Euthlypis lachrymosa 1 0 1 1 0 1 
Fringilla coelebs 7 5 2 3 2 1 
Fringilla montifringilla 2 1 1 2 1 1 
Geothlypis trichas 1 0 1 1 0 1 
Guiraca caerulea 1 1 0 1 1 0 
Hesperiphona vesperina 2 1 1 2 1 1 
Icterus bullockii 1 0 1 1 0 1 
Icterus cucullatus  1 0 1 1 0 1 
Icterus galbula 2 0 2 2 0 2 
Icterus parisorum 2 0 2 1 0 1 
Icterus spurius 2 0 2 2 0 2 
Loxia curvirostra 5 3 2 3 2 1 
Loxia leucoptera 2 1 1 2 1 1 
Melospiza lincolnii 1 0 1 1 0 1 
Melospiza melodia 3 0 3 2 0 2 
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Molothrus ater 1 1 0 1 1 0 
Pinicola enucleator 1 1 0 1 1 0 
Piranga flava 1 0 1 1 0 1 
Piranga rubra 3 2 1 2 1 1 
Plectrophenax nivalis 1 1 0 1 1 0 
Protonotaria citrea 1 0 1 1 0 1 
Psarocolius atrovirens 1 1 0 1 1 0 
Pyrrhula pyrrhula 5 4 1 3 2 1 
Quiscalus major 4 0 4 3 0 3 
Quiscalus mexicanus 1 0 1 1 0 1 
Quiscalus quiscula 14 8 6 7 3 4 
Serinus leucopterus 1 1 0 1 1 0 
Setophaga ruticilla 1 0 1 1 0 1 
Spizella arborea 1 0 1 1 0 1 
Sturnella magna 1 1 0 1 1 0 
Sturnella neglecta 2 2 0 2 2 0 
Vermivora celata 1 0 1 1 0 1 
Xantocephalus xantocephalus 3 0 3 1 0 1 
Zonotrichia leucophrys 1 0 1 1 0 1 
Zonotrichia querula 1 0 1 1 0 1 
Acanthisittidae 2 1 1 2 1 1 
Acanthisitta chloris 1 1 0 1 1 0 
Xenicus gilviventris 1 0 1 1 0 1 
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Appendix 2: Kleptoparasitism by Gray Kingbirds (Tyrannus dominicensis) 
in Barbados 
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Abstract 
We observed Gray Kingbirds from late February to May 2007 stealing food 
items from the bills of Carib Grackles (Quiscalus lugubris). This behavior 
occurred at two baited walk-in bird traps on the grounds of Bellairs Research 
Institute of McGill University in St James, Barbados.  Gray Kingbirds were not 
seen entering traps, but were regularly observed in tree branches near traps, often 
chasing Carib Grackles and Zenaida Doves (Zenaida aurita) as they exited the 
traps with food. Here, we describe six instances of kleptoparasitism by Gray 
Kingbirds from Carib Grackles. To our knowledge, this is the first report of 
kleptoparasitism for this species. 
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Introduction 
The Gray Kingbird (Tyrannus dominicensis) is a mid-sized tyrant flycatcher 
found throughout the Caribbean, northern South America, and southern North 
America (Smith and Jackson, 2002). Its diet consists of insects, lizards, berries, 
fruits, and seeds (Smith and Jackson, 2002), but it has also been observed at food 
scrap assemblages in Barbados (Lefebvre et al., 2001). Gray Kingbirds hunt 
using a typical flycatcher technique, descending from high perches to capture 
prey in mid-air (Smith and Jackson, 2002). They may also take insects from the 
surface of water (Sprunt, 1942; Lack, 1976), capture fish in shallow water and 
sand bars (Lefebvre and Spahn, 1987) and have occasionally been observed 
feeding at night near lights and street lamps (Reader et al., 2002). Gray Kingbirds 
are noted for their aggression toward mammals and other birds, particularly 
during the breeding season as they defend their nests (Sprunt, 1942). However, 
no cases of aggressive behavior involving food theft (kleptoparasitism, 
Brockmann and Barnard, 1979) have been described for this species and only a 
single case of kleptoparasitism has been reported for the genus (i.e. Cassin’s 
Kingbird (Tyrannus vociferans) stealing worms from  “Blackbirds”: Merriam, 
1896). No reports of kleptoparasitism by Gray Kingbirds were found in a recent 
exhaustive survey covering 856 field reports of kleptoparasitism in birds 
published since 1969 (Morand-Ferron et al., 2007).   
 
Observations 
We observed six acts of interspecific kleptoparasitism by Gray Kingbirds from 
late February to May 2007 at the Bellairs Research Institute of McGill University 
in St James, Barbados. All kleptoparasitic attacks took place near two walk-in 
traps (1 x 0.55 x 0.55m) on the grounds of the research institute (13o 10’ 60N, 59 
o38’ 60W). These traps were made of wire affixed to a wooden frame, and we 
baited them regularly with moistened dog food pellets and cooked rice. We 
placed food near the back of the traps so that birds had to move at least 30 cm 
into a trap to reach the bait, because this increased our success in capturing our 
target species, the Carib Grackle (Quiscalus lugubris). The two traps had the 
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same dimensions, but were located approximately 200 m apart, separated by a 
large building. One was closer to the front entrance of the research institute, and 
we refer to this as the “front trap”, with the other being the “back trap”. Each trap 
was within 5 m of trees where Gray Kingbirds were seen perching. On 19 
February 2007 at 1723 hrs AST, we saw a Gray Kingbird descend from a tree 
branch above the front trap, and, in mid-flight, steal a moistened dog food pellet 
from the bill of an adult Carib Grackle that was walking out of the trap. On 17 
March 2007, a Gray Kingbird descended from a tree above the back trap and 
stole food from an adult Carib Grackle without landing on the ground. On 21 
March At 850 hrs, a Gray Kingbird stole a dog food pellet from the bill of an 
adult female Carib Grackle at the front trap. Between 1240 and 1250 hrs, we 
observed two acts of kleptoparasitism at the back trap. First, a Gray Kingbird 
stole a dog food pellet from a Carib Grackle without landing on the ground.  
Second, a Carib Grackle released a dog food pellet from its bill as a Gray 
Kingbird descended from the tree, and the Gray Kingbird took the pellet from the 
ground. On 23 April at 1446 hrs we observed a different kleptoparasitic 
technique at the back trap, in which a Gray Kingbird chased a Carib Grackle and 
stole a dog food pellet while both birds were in flight. Kleptoparasitism was 
observed several times by other researchers at both traps until they were removed 
from the research grounds on 21 May 2007, but the details of these observations 
were not recorded. Two Gray Kingbirds were often observed together around the 
research institute and near the traps, although they were not observed stealing 
food at the same time. All of the birds we observed stealing food had adult 
plumage. Although Gray Kingbirds show some sexual size dimorphism 
(Haberman et al., 1991), we were unable to identify sexes by sight. Furthermore, 
none of the kleptoparasitizing individuals had any obvious features that would 
allow us to distinguish between them, so we cannot be sure of the number of 
individuals engaging in kleptoparasitism. Gray Kingbirds were regularly seen in 
trees near the traps throughout the trapping period (Feb to May 2007), but were 
not observed entering either trap, and were rarely seen on the ground. Gray 
Kingbirds were observed chasing both Zenaida Doves (Zenaida aurita) and 
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Carib Grackles from the trap area on at least four occasions, often arriving 
shortly after the traps had been baited, in what appeared to be failed attempts to 
steal food. 
 
Discussion 
Animals may steal food to gain access to items that would otherwise be difficult 
to acquire due to morphological or behavioral constraints. For example, juvenile 
European Oystercatchers (Haematopus ostralegus) reduce their rates of stealing 
mussels (Mytilus edulis) from adult conspecifics as they become more efficient at 
opening the mussel shells themselves (Goss-Custard et al., 1998). Even if a 
species is capable of performing difficult foraging tasks, kleptoparasitism may 
allow it to access food items at a lower cost. Food stealing by gulls (Laridae) 
allows them to eat foods such as fish (Duffy, 1980), mussels (Khatchikian et al., 
2002), or refuse (Burger and Gochfeld, 1976) without performing the diverse 
foraging techniques required to access these items (e.g., diving, cracking open 
hard shells, digging). This may also be the case for the Gray Kingbirds we 
observed. The design and dimensions of our walk-in traps made it impossible for 
individuals to retrieve dog food pellets using their usual in-flight foraging 
strategy. Consequently, kleptoparasitism represented an alternative foraging 
strategy for these birds, allowing them to access a valuable (protein-rich) food 
source.  
The Gray Kingbird is a territorial species that aggressively chases other 
birds and mammals from nesting areas. The food stealing and chasing we 
observed may be a modification of existing foraging behavior as well as 
agonistic behavior toward other birds within the breeding territory. There was a 
Gray Kingbird nest within 50 m of one of the two traps where we observed 
kleptoparasitic behavior, though we could not confirm that this nest belonged to 
the individuals engaged in food stealing. No studies have been conducted on the 
population of Gray Kingbirds at this location, so we cannot speculate on territory 
size, and whether individuals stealing food were territory owners.  
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Our research group has been trapping birds at Bellairs Research Institute 
for several decades, but neither stealing nor eating of dog food pellets by Gray 
Kingbirds have been observed before (L. Lefebvre, pers. comm.). Our repeated 
observations suggest that food stealing is an opportunistic foraging technique 
used by at least one individual at our field site. Such opportunistic feeding 
behavior may contribute to the success of the Gray Kingbird in Barbados, an 
island dominated by human-modified habitats.  
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Abstract 
The Carib Grackle (Quiscalus lugubris, Icteridae) is a medium-sized passerine 
with eight subspecies differing in their degree of sexual dimorphism. In order to 
study the ecological or evolutionary basis of these differences, we must first 
quantify dimorphism in each subspecies. In this study, we focus on Q. lugubris 
fortirostris, a subspecies limited to the island of Barbados, in which female birds 
have dark male-like plumage, making it somewhat difficult to rapidly 
differentiate between the sexes by sight. We used molecular sexing to determine 
the sex of each of 94 individuals birds. These sexing results were then compared 
to two other sexing methods. First, sex assignment based on field observations of 
behaviour and gross morphology, plumage and eye colour. This proved to be 
highly accurate (92.5 %). Second, sex was assigned on the basis of biometric 
measurements. We measured weight, wing length, tarsus length, and bill length 
and width: although there was overlap, males were larger than females in all 
measurements. We then created linear equations with Discriminant Function 
Analyses (DFA), a tool designed to predict the sex of individuals. A DFA 
including all morphological measures was highly accurate, correctly assigning 
the sex of 95 % of individuals, and remained so even when only wing length was 
included in the analyses (94 %). We provide researchers with two methods that 
can assign sex to individual birds of Q. l. fortirostris and a comparative tool with 
which to examine the morphology and dimorphism of Q. lugubris throughout its 
range. 
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Introduction 
The Carib Grackle (Quiscalus lugubris) is a group-feeding icterid found 
throughout the Lesser Antilles and Northern South America. Over this range, 
eight subspecies are recognized, based on morphological and chromatic 
differences: Q. lugubris lugubris, guadelupensis, inflexirostris, luminosus, 
insularis, orquillensis, fortirostrus, and contrusus (Jaramillo and Burke, 1999; 
ffrench, 1991). One obvious difference between the subspecies is female 
colouration. Six of the subspecies are dichromatic, with females being various 
shades of brown and easily distinguished from males, which are black with an 
iridescent sheen. In contrast, two subspecies, Q. l. fortirostris and contrusus have 
sharply reduced sexual dichromatism, with females exhibiting black, male-like, 
plumage. Although such contrast exists between subspecies, sexual dimorphism 
of the Carib grackle remains undescribed.  
Q. l. fortirostris is the subspecies found in Barbados, an island where 
extensive behavioural studies of grackle learning (Lefebvre et al., 1997; Webster 
and Lefebvre, 2001), feeding (Morand-Ferron et al., 2004, 2006, 2007) and anti-
predatory communication (Griffin and Galef, 2005) have been conducted both in 
captivity and in the field. Sex differences and identification are an issue in much 
of this work, yet the problems presented by reduced dimorphism in the Barbados 
subspecies have never been addressed. Here, we use behavioural, molecular and 
morphological measures to assess male-female differences in Q. l. fortirostris. In 
particular, we compare the accuracy of observational sexing upon capture to that 
of discriminant analyses based on quantitative morphological data (Ottvall and 
Gunnarsson, 2007; Liordos and Goutner, 2008), then compare both to molecular 
sexing.  
 
Methods 
Capture and release 
Using baited walk-in traps, we caught 94 adult grackles between February 5 and 
May 5 2007 within a 1 km radius of the Bellairs Research Institute of McGill 
University, St James, Barbados (13°10’ 60 N 59° 38’60 W).  We fitted each bird 
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with a unique combination of coloured aluminium bands (A.C. Hughes Ltd., 
U.K.). A subset of these birds was used in short-term behavioural experiments, 
but most were released at the site of capture after measurements. 
  
Biometric data 
Upon capture, we weighed individuals to the nearest 0.1 g using a Pesola MS500 
Digital Pocket Scale. Each individual was placed in a closed cotton bag for 
measurement. Afterwards, the individual was removed from the bag and the 
weight of the bag was measured and subtracted to obtain the final weight 
measure. We then took a series of morphological measurements following Pyle 
(1997). We measured tail length as the length of the longest straightened rectrix 
to the nearest mm using a transparent plastic ruler. Wing length was taken with a 
raised-end ruler as the length of the unflattened wing chord to the nearest 0.5 
mm. Callipers were used to measure the metatarsi and bill to the nearest 0.05 
mm. Metatarsal length was measured from the intertarsal joint to the last scale 
before the toes. Bill length was measured from the tip to the anterior edge of the 
nostril. Bill width was measured as the width at the anterior edge of the nostrils.  
Measurements were done by three individuals (S.E.O, K.-A.C, L.C). We 
compared the principal investigator’s (S.E.O.) measurements with those taken by 
the two other measurers on 6 birds and 9 birds.  Even though the number of birds 
we used for this analysis was small, inter-rater reliability was high for all 
measurements(ICC ≥ 71.81; p≤0.05) . Wing length was the most repeatable of all 
of our measures, never varying more than 1.2 % of total length between 
observers, while bill measurements were the least reliable of all measures, 
varying up to 5.0 %.  As outlined below, only wing length was retained in our 
final discriminant component analyses. There was no observer bias in ability to 
identify the sex of birds; of the seven misidentified individuals, four were 
measured by one observer (S.E.O) and three by another (K.-A.C). 
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Blood sampling and molecular methods 
After measuring each bird, forty microlitres of blood were punctured from the 
brachial vein and drawn through a sodium heparinised haematocrit capillary 
tube. Blood samples were immediately transferred to 800 µl of storage buffer 
(70% ethanol and 30% Tris-EDTA buffer, pH 8). Samples were brought to 
Dijon, France for molecular analysis by R.A.W. DNA was phenol-chloroform 
extracted (Hillis et al. 1996). One intron of the CHD1 gene was amplified by 
PCR using P2-P8 primers (Griffiths et al. 1998) and size variation resolved by 
3% agarose gel electrophoresis (CHD1W = ca 400 pb and CHD1-Z = 370 pb).  
 
Observational sexing 
As our traps were observer-triggered, not automatic, we could note the behaviour 
of each individual prior to its capture. We assigned sex at capture based on these 
observations, as well as gross plumage and size, before we took any quantitative 
morphological data. Field guides describe male Q. lugubris as being larger than 
females, with long wedge-shaped tails, and iridescent plumage. Females are 
generally smaller, with a straighter tail and somewhat duller plumage (Jaramillo 
and Burke, 1999; Bond, 1993). Behaviourally, males and females have different 
displays. Males have an elaborate song spread display in which they puff out 
their feathers, lean forward and lift up the tail while singing (Jaramillo and 
Burke, 1999). Females respond to this either by walking away, or by drooping 
the wings raising the tail and letting out a high pitched chirping sound. Males 
often engage in aggressive ‘head-up’ displays with others males, while females 
do not perform these same displays (Overington, unpublished data). We supplied 
these initial observations with field notes whenever individuals were re-sighted 
in the zone around Bellairs Research Institute. We also complemented our study 
with over 50 hours of recorded observations at a nearby nesting colony (~500m 
from the capture zone). Many of our banded birds were seen at this colony, and 
observed copulations allowed us to distinguish males and females thus 
supporting the notion that these displays were indeed sex-specific.   
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Statistical analyses 
We first carried out an ANOVA to examine the degree of dimorphism between 
the sexes. We then used discriminant function analyses to create linear 
discriminant equations for each sex. The procedures and samples used for each 
equation are outlined in Results. All analyses were carried out in SPSS 16.0 for 
Windows (SPSS, Inc). All work was done according to Animal Use Protocol 
5123, approved by the McGill University Animal Care Committee.  
 
Results 
Molecular sexing 
Of the 94 individuals in our data set, molecular sexing showed that 25 were 
female and 69 were male (Table 1). Although we observed some male sex bias in 
foraging groups (Overington, unpublished data), the bias in our sample was 
driven by preferential trapping of males for use in captive behavioural studies 
during some trapping sessions (36 out of the 94 individuals) 
 
Morphological differences between the sexes 
There were significant differences between male and female birds for all 
morphological measurements (Table 1).  Using ANOVA, we found that males 
were heavier (F = 115.4, P < 0.001), with longer tails (F = 74.1, P < 0.001), 
longer wings (F = 184.5, P < 0.001), longer tarsi (F = 76.31, P < 0.001), and 
longer and wider bills (F = 46.87, P < 0.001; F = 27.9, P < 0.001) than females. 
The greatest difference between male and female birds was for weight and wing 
length (Fig.1, Table 1). However, there was overlap between the sexes for all 
measures (Table 1). Overall, our measures are consistent with biometric data 
reported by Jaramillo and Burke (1999) for 16 male and 10 female Q. l. 
fortirostris.  
 
Accuracy of sex assignment using observational sexing 
Using observations of gross morphology and behaviour, we correctly identified 
the sex of 87 of the 94 birds (92.5 % accuracy). Seven individuals were 
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incorrectly assigned using observational sexing. All of these birds were males 
that we identified as females. Our descriptive notes of these individuals suggest 
that they may be younger male birds shedding their juvenile plumage. Five of 
these birds were noted as having bright yellow eyes, with some duller plumage 
on the wings, while the head was iridescent.  Two birds were noted as having 
paler yellow eyes, with brown feathers on the wings and no bright colouration on 
the body.  
 
Discriminant Function Analyses 
We carried out two discriminant function analyses (DFA1 and DFA2) of a 
randomly assigned group of 46 birds (12 females, 34 males), and then tested 
whether the functions derived could accurately predict the sex of the remaining 
48 birds (13 females, 35 males) (Ottvall and Gunnarsson, 2007). First, we used a 
discriminant function analysis including all morphological variables (DFA1), 
which yielded the following linear equation:  
Eqn. 1 = (weight x -0.515) + (tail x 0.247) + (wing x 0.893) + (tarsus x 
0.668)  + (bill length x -1.042) + (bill width x -2.553) – 129.244 
   
Given the biometric data for a given individual, the above equations can be used 
to classify them as either male or female. If Eqn. 1 > 0 , then the individual 
would be classified as male. Conversely, if Eqn. 1 < 0, the individual would be 
classified as female.  
We then used a backward stepwise function and retained only weight and wing 
length in the final equation. However, because an individual’s weight may 
fluctuate over short time periods due to a wide variety of environmental factors 
(e.g. food abundance and predictability; Acquarone et al. 2002), we retained only 
wing length in our final model (DFA 2): 
Eqn. 2 = (wing x 1.089) -111.934 
For the first 46 birds, which were used to create the Discriminant Function 
Equations (DFE), 97.8 % of individuals were correctly classified with DFE 1, 
and 93.5 % were correctly classified with DFE 2.  We used these discriminant 
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function equations on the remaining 48 birds. DFE 1 correctly assigned sex in 
93.7 % of cases (45 of 48) and DFE 2 correctly assigned sex for 93.8 % of birds 
(45 of 48).  
Of the seven birds we mis-identified as female as based on observational 
sexing, equation 1 correctly classified five as male, and equation 2 classified four 
as male. The two birds that were mis-identified using observational sexing and 
both of the Discriminant Function Analyses are those that are most likely to be 
juveniles, based on our descriptive notes. Both individuals had pale (not bright) 
yellow eyes, brown feathers on the wings, and new growth of feathers. The 
distinguishing feature between these individuals and adult females may be eye 
colour, not size or shape.  
 
Discussion 
In this study, we described the morphological differences between male and 
female Quiscalus lugubris fortirostris in Barbados. We found that males were 
larger and heavier than females on average, but that the sexes overlap to some 
degree in all morphological measures. Using biometric data, we created linear 
equations that could be used to predict whether an individual bird is male or 
female, with high levels of accuracy (94%), even when only wing length was 
considered (94%). Rapid observational sexing based on behaviour and gross 
morphology was also highly accurate (92.5%).  
 Our results can be used with two main goals in mind. First, they should 
allow behavioural biologists with little specific knowledge of Q. lugubris 
fortirostris to accurately assess the sex of individuals of this subspecies. Many 
behavioural studies of Q. lugubris have been done in the field with unbanded 
individuals (Morand-Ferron and Lefebvre, 2007; Morand-Ferron et al., 2006). In 
these studies, the researchers assessed the age and sex of individuals by sight. 
Our finding that visual and behavioural assessment of sex was accurate in 92.5% 
of cases should increase confidence in the ability of researchers to distinguish sex 
in the field. In addition, the mis-identified individuals were all of similar 
morphology. In retrospect, all of these birds appeared to be young males 
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moulting their juvenile feathers, giving them a duller female-like appearance. 
Our errors highlight areas that should be examined closely before assuming that a 
given bird is female. The results of this study can also serve as a comparative 
tool with which to examine the morphology and dimorphism of Q. lugubris on 
other islands on the Lesser Antilles and throughout its range.  
Although Q. l. fortirostris females have dark male-like plumage, there is 
some visible plumage difference in these birds. Males have a dark blue 
iridescence that is most noticeable on the wings and head. The degree to which 
this is visible to observers depends on ambient light conditions, but we often 
considered iridescence when assigning the sex of an individual. It is therefore 
encouraging that a Discriminant Function Analysis based on measurements alone 
can assign the sex of individuals with a high level of accuracy.  Our discriminant 
function equations could be used as a quantitative basis for assigning sex to a 
given individual, particularly in cases of uncertainty. The fact that there are clear 
morphological differences between the sexes is consistent with the trends 
observed in all subspecies, though dimorphism has not been quantified in detail 
for any other subspecies (Jaramillo and Burke, 1999). Nonetheless, this suggests 
that the primary difference between subspecies is chromatic.  
Why have Q. l. fortirostris females taken on a darker, less cryptic 
plumage? There are many forces that may drive changes in sexual dichromatism, 
including latitude, migratory behaviour, mating system, predation, distribution of 
parental care, or genetic drift (reviewed by Badyaev and Hill, 2003). Within 
Icteridae, Irwin (1994) found that sexual dimorphism was greater in polygynous 
species, though the analysis did not include Quiscalus lugubris. On the other 
hand, a comparative study by Owens and Hartlet (1998) suggested that while 
sexual size dimorphism was linked to differences in breeding system, 
dichromatism was associated with differences in levels of extra-pair paternity. 
The ecology and breeding behaviour of Quiscalus lugubris is largely 
undescribed. In our observations at the breeding colony near our study site, we 
observed banded pairs on a regular basis (Overington, unpublished data). We 
noted that pairs were socially monogamous, and never observed a banded 
 	  
271 
individual visiting a nest other than its own, except for cases in which females 
stole nesting material from nearby nests. Females built all nests and incubated 
eggs, and both parents provided care to the young once they had hatched and 
fledged. We did not observe any predation at the nesting site, but we did 
regularly observe Shiny Cowbirds (Molothrus bonariensis), a known nest 
parasite. Predation has also been shown to be associated with changes in female 
colouration (Martin and Badyaev, 1996). Because of its position against 
dominant winds and sea currents from nearby South America and the Caribbean 
chain, Barbados has a very sparse fauna and no avian or mammalian predators 
before the introduction of mongoose, cats, dogs and vervet monkeys in colonial 
times. Low predation pressure on the island might thus have contributed to a 
reduction in female crypsis. 
It is interesting to note that another West Indian passerine that has 
evolved reduced dichromatism in Barbados, the Lesser-Antillean Bullfinch 
(Loxigilla noctis), has done so in the opposite direction to that of Q. l. 
fortirostris. In Barbados, it is male bullfinches that have converged on the female 
coloration, loosing the black throat patch that characterizes L. noctis on other 
islands (Bird, 1983). Molecular studies (Lovette et al., 1999) suggest that 
colonization of Barbados by Q. lugubris and L. noctis appears to have occurred 
in different periods from different areas of origin (South America for Q. lugubris, 
islands to the west of Barbados in L. noctis). A promising direction for research 
would be to quantify sexual dimorphism in the different subspecies of L. noctis 
and Q. lugubris and test hypotheses for the factors driving variation in this trait, 
beginning with a comparison of breeding systems, parental care, brood 
parasitism, and predation across populations. 
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Tables and Figures 
Table 1. Summary of biometric measurements for Quiscalus lugubris fortirostris  
Measure 
Females (N = 25) 
(Mean + SE, range) 
Males (N = 69) 
(Mean + SE, range) 
Weight (g) 49.6 + 0.96 (42.6 - 57.5) 61.1 + 0.54 (49.6 - 72) 
Tail length (mm) 83 + 0.84 (74 - 97) 93 + 0.68 (69 - 103) 
Bill length (mm) 17 + 0.24 (15 - 20) 19 + 0.15 (16 - 22) 
Bill width (mm) 5 + 0.09 (4.5 - 6) 6 + 0.07 (4.5 - 7) 
Wing length (mean of R and L wings, mm) 98.2 + 0.86 (90.5 - 112.5) 110.0 + 0.43 (98- 117) 
Tarsus length (mean of R and L tarsi, mm) 29.6 + 0.20 (28.0 - 32.3) 32.2 + 0.17 (28.3 - 35) 
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Figure 1. Weight (g) and mean wing length (mm) for Quiscalus lugubris 
fortirostris individuals of known sex: males (; N = 69) and females (; N = 
25).  
 
